










































































Fig. 2 FLUOROSULPHURIC ACID DISTILLATION APPARATUS 
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(2) NUCLEAR MAGNETIC RESONANCE SPECTRA 

The nom.ro Spectra were recorded with a Varian HoR-60 N.M.R. 

spectrometer equipped with a field homogeneity control unit, an 

integrator, and a variable temperature probeo Proton spectra were 

recorded at 60 Mc.p.s., except where stated, and Fluorine19 spectra at 

56.4 Mc.p.s. 

Samples were contained in 5 m.m. o.D. 11 Pyrexn tubes made from 

carefully selected tubing. Except where the solvent was an organic one 

external references were used throughout. The reference liquid was 

contained in a thin walled capillary tube held central in the sample tube 

by a tightly fitting teflon cap. Signal separations were measured by 

the side-band technique due to Arnold and Packard47• The magnetic field 

is modulated with a low-amplitude audio-frequency signal which produces 

side bands on either side of the resonance signals in the spectrum. The 

separation of these side bands from the resonance signal is equal to the 

modulation frequency. By judicious choice of one, or more, modulation 

frequencies, the separation of all the peaks in the spectrum, from the 

reference signal, are accurately determined. 

The separations of the peaks in a spectrum found by the above 

method is a measure of the chemical shift between the species present. 

These separations may be expressed in frequency or magnetic field units, 

and the two units may be interconverted by the equation for the resonance 

condition (l.2)o However it is more usual to express chemical shifts in 

a nondimensional unit defined by (l.7)o 

Diamagnetic susceptibility corrections 

Due to the difference between the bulk diamagnetic susceptibilities 
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of the sample and the reference compound contained in a thin walled 

capillary, a correction must be applied to the observed chemical shift. 

For a cylinder of length large compared with the radius the field is piven 

by (2ol) • 

H • Hobs (1 - 2TT Xv) 
3 

where Xv is the volume susceptibility of the liquid. Hence 

5 • !L- Hr+~ cxv-'- Xv) 
Hr 3 ""J 

(2 .. l) 

•cS'obs + ;- ( Xv-r~f- 'f.v) (2.2) 

The volume susceptibility )<yis related to the molar magnetic 

susceptibility )(M by (2o3) 

XM •MXy 
d 

where M is the molecular weight and d the density. For a mixture of 

(2.3) 

diamagnetic substances the molar susceptibility of the mixture is given 

by Wiedemann's additivity law. 

x M mixt • ><1XM1 + )(~2 
whereXL and X2 are the mole fractions and):iu and 'XM2 the molar 

susceptibilities of the pure components. 

(2.4 

Where bulk diamagnetic susceptibility corrections were applied, 
48 

)(M was calculated from Pascal constants for the constitutive elements • 



27 

(3) ULTRA-VIOLET AND VISIBLE SPECTRA 

Ultra-violet and visible spectra were recorded on a Bausch and 

Lomb rrspectronic .50.5 11 spectrometer; quartz 1 cm. cells were used 

throughout. The pure, dry base was weighed directly into a 2.5 mls. 

volumetric flask and the solvent added to the graduation mark. After 

thorough mixing 1 ml. of this solution was pipetted into a 50 mls. 

volumetric flask and diluted to the mark. The spectrum of this solution 

was recorded. 
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PROTONATION OF AMIDES, THIOAMID~S, UREAS AND SULPHONAMIDES. 

(1) INTRODUCTION 

The basic nature of amides has long been recognised, but the 

structure of the ion fonned when they are protonated has been the subject 
49 

of discussion since Hantzsch first presented evidence for 0-protonation 

of benzam.ide in concentrated sulphuric acid from ultra-violet absorption 

spectra studies. A variety of other evidence has since been put forward 

by other 'WOrkers in support of 0-protonation I, but much evidence has 

also been adduced in favour of N-protonation II. 
+ 

I 

H 
o~ +I ,.......R2 

C - N 
R/ "'--R 

1 3 

II 

Support for N-protonation has been obtained from vibrational spectraG 

It has been suggested that the frequency of the CO stretching vibration 

should be lower for the 0-protonated cation than the value for the narent 

amide. Strong bands, assumed to be carbonyl bands, have been found for 
50-5h 

several amide cations at frequencies higher than those in the parent 

amide and hence it was argued that there is N-protonation. 
53 

Urea nitrate 
54 

and the hydrochlorides of urea, thiourea and acetamide give bands in their 
+ 

infra-red spectra which hav9 been considered diagnostic of -NH3 and hence of 
55 

N-protonation. Edward and coworkers have used ultra=violet absorption 

spectra to study the basicities 0£ substituted benzam.ides and concluded 

28 
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that their results were best explained on the basis of N-protonation 

although O=protonation was not completely excludedo N-protonation has 
56 

also been reported for the protonation of thioacetamide on the basis 

of an ultra=violet absorption spectra study. 

One might expect that 0-protonation would be favoured from a 

consideration of the resonance forms possible for the amide III, and 
57 

indeed Pauling has calculated on this basis that 0-protonation is 

much favoured. 

III 

Howev·er he assumed, 'Wi.. thout justification, that the resonance energy of 

an amide and its 0-protonated form are the same. Some infra~red and 
58-63 

ultra~violet absorption spectra studies indicate 0-oTS- protonation 

for amides, thioamides and"ureais. However in these investigations the 
59 

assignment of the bands is not fl].ways unambiguous. Stewart and Muenster 

have prepared 018 labelled dicyclohexyl urea and its p-toluenesulphonate 

and found that the carbonyl band in the labelled urea shows the expected 

shift to lower frequency but the band at 1669©11~1 in the salt is unaffected 

by isotopic substitution and is therefore not a carbonyl stretching 

frequency as other workers have assumed. The crystal structures of 
65 . 64 

acet mi.de hem:ihydrochloride and N-methylurea nitrate have been 

determined by x~ray diffraction. In both cases the distances between 

the anions and the carbonyl oxygen is short strongly suggesting that this 

is a hydrogen tond with the proton located on oxygen. 

By far the strongest evidence for Q...protonation has come from 

proton magnetic resonance studies. For example, the spectrum of pure 
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liquid dimethylf ormamide shows two peaks of equal area for the N-methyl 
5,66 

groups • It was concluded that the two methyl groups have different 

environments because of restricted rotation about the OC-NMe2 bond, due 
67 

to its partial double bond character (III above). Fraer.kel and Niemann 

have shown that these two peaks remain unchanged in solution in aqueous 

strong acids and in 100% ~S°l+ and n2s°4. They concluded that in the 0-

protonated form (I) rotation around the OC-NMe2 bond would still be 
+ 

restricted while in the N-protonated form (II) the NHMe2 group would be 

free to rotate; and therefore that the 0-protonated forM predo~.inates 

in these strong acid solutions. For N-methyl f ormamide the signal from 

the IJ-methyl protons is a doublet attributed to spin-spin coupling with 

the single hydrogen attached directly to nitrogen. This doublet collapses 

to a single peak in basic or weakly acidic solutions but reappears again 

as a doublet, and not a triplet, in strongly acidic media which rules out 
+ 

the possibility of nn N~1e group. 
68 

Similar results have been obtained for 
62 

1~-methylacetamide , and for N,N-dimethylthiobenza.mide 
69 

• Fraenkel and 

Franconi have sho;m that there is an increase in the activation energy 

for the barrier to rotation about the OC-N bond when amides are protonated. 

This can only be e:xplai. ned by protonation on oxygen. If protonation had 

occurred on nitrogen, as in I, then the nitrogen lone pair could not be 

used to give double bond character to the C-N bond as in IIIb and rotation 

about the C-N bond would be increased i.e. the barrier to rotation decreased. 

Protonation on oxygen on the other hand would be a favoured by structure 

IIIb and the barrier to rotation thereby increased. Fraenkel and 

Franconi conclude that there is 0-protonation. They also founn that a 

solution of acetamide in 100% sulphuric acid gives a spectrum consisting 
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of two signals of relative areas )g2 which they interpreted as being due to 
70 

the CH3 and NH2 peaks of an 0-protonated cation. Bunton and coworkers 

measured the areas of peaks due to protons on nitrogen for formamide, 

acetamide, ben~amide and their N~methyl and N,N~di-methyl derivatives and 

found that there is no increase in area on going from neutral solution to 

a solution in 98% sulphuric acid. The results of a wideline n.m.r. 
65 

study of crystalline salts of urea, thiourea and their derivatives are 

consistent with protonation on 0 or s. 
54 

Spinner, who obtained infra-red evidence for N-protonation has 

suggested, however, that the n.m.r. results can al so be explained on this 
22 

basis. For example, he attributes the doublet N-methyl group signal 

observed in the spectrum of protonated N-methyl aceta:mide to the non~ 

equivalent hydrogen atoms Ha and Hb resulting from restricted rotation 

about the C-N bond in the N-protonated form IV. However this would give 

IV 

components of the methyl group signal of relative areas 1&2 and not l~l 

as observed. It must also be assumed that the expected spin-spin coupling 

between the N-methyl group and the two hydrogens directly attached to 

nitrogen is too weak to be observed. 

All of the work up to 1961 was critically reviewed by Jones and 
21 

Katritzky who concluded that amides are predominantly protonated on 

oxygen, or sulphur in the case of thioamides. 
22 

However, Spinner points 

out that all the n.m.r. evidence is rather indirect as in no case has a 

signal been observed in the spectrum from the proton supposedly captured 
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by the oxygen atom in the 0-protonated form. This has been attributed by 

other workers to rapid exchange of this proton with the solvent. 

It was evident that the site of protonation could be determined 

unambiguously jf the rate of exchange of the captured proton 'With the 

solvent could be slowed down sufficiently so that a separate signal for 

this proton could be observed in the spectrum. Fluorosulphuric acid is 
n 

a stronger acid and a weaker base than 100% sulphuric acid and has the 

added advantage of a low freezing point vf -89.0° 72• By recording the 

spectra of fluorosulphuric acid solutions of amides at sufficiently low 

temperatures it has been possible to observe for the first time the 

signal from the captured proton and thus to determine unambiguously the 

site of protonation. The solutions which were approximately 6 mole % 

with respect to the amide, were prepared at the temperature of an 

acetone - solid carbon dioxide mixture (c.a. - 85°) and stored at this 

temperature until their n.m.r. spectra were recorded. Spectra were 

recorded at the lowest temperature first and then at successively higher 

temperatures. This procedure ensured that reactions between the amides 

and the solvent were minimised. 



33 

(2) .AMIDES 

Table I summarizes the chemical shifts and spin-spin coupling 

constants for the protonated forms of acetamide, fo:rmamide, benzamide, 

and their N-methyl and N,N-dimethyl derivatives. 

Acetamide 

The proton magnetic resonance spectrum of a 6 mole % solution 

of acetamide in fluorosulphuric acid at 25° consists o! two peaks, B and 

c, of relative areas 2.0483.00 in addition to a signal due to the solvent 

(Fig. 3). Essentially the same spectrum has been obtained previously 
' 69 

for an aqueous solution of pH7 and for a solution in 100% sulphuric acid , 

and the peaks have been assigned to the NH2 and CH3 groups. The NH2 peak 

B is approximately 70-80 c.p.s. wide due to N14-H coupling and quadrupole 

relaxation of the Nll.i. nucleus. As the temperature is lowered the NH2 

peak becomes sharper and eventually splits into a doublet. At -80° another 

peak, A, becomes visible on the high field side of the solvent peak (Fig.h) 

which shifts to higher field as the temperature is further decreased until 

at -92° it was recorded as a separate well resolved peak (Fig. 5). This 

new peak can only be assigned to a proton on the carbonyl ox;rgen, and in 

agreement with this conclusion the relative areas of the three peaks were 

found to be AiBgC~g l.07g 2.lOg 3.00, confirming their assignment to the 

OH, NH2 and CH3 groups respect,ively. Protonation on nitrogen with no 

exchange would give a spectrum consisting of two peaks of equal area. 

The splitting of the N!12 resonance may be attributed to non~ 

equivalence of the two hydrogens as a consequence of restricted rotation 

about the C-N borvi due to its partial double~bond character. The loss 

of resolution in the N~ doublet at -92° can probaply be attributed to 
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the itlC(CSsed 1tisc:)sity of the solution, "Which is ver-f clos·3 ":.n tb..e 

fr·eezing point. or possibly slightly supercooled. 

:peak has a width of :~3.2 c.p.s. and al though some of this bron::'lerU.Dg 

is perhap.s due t0 the increased viscosity of the solutions much of it. 

can probably be att:ributeo to slow OH -solvent proton sxchmgd. 

J\i~Hethy laeetamid e 

The proton magnetic resonance sl')ectrum of a solution cf r.r= 

nethylaceta:rnide in fluorosulphuric acid at 2$0 consists of three ~eaks 

of relative areas 0.83i J.05g 3.00, in addition to that of the solvent~ 

which can be attributed to the NH, N-CH3 and C-CH3 groups respectivelye 

The N~ peak is 52-65 c.p.s. wide due to Nl4_H coupling and quadrunole 

:.relaxation of the N1h nucleus. S:Jin-spin coupling (J "" 5.03 c.p.s.) ie 

also r)b&erved between the NH and the N-CH3 protons resulting in the 

la.t.t-=r· peak havi.ng a doublet structure. At -35'.) an aJ.dit:ional l'6~'1.1t 

ap;-iea:c:;, with a cherllical shift of approximately ~10 i:.p.m~ wlL·:li .~3 

=•ssigneo to the protonated carbonyl oxygen atom. In agrE:em&nt -..1ith this 

assignment the relative areas of the four peaks were fou.i."'1.d to be 

The width of the OH peak is 12.5 c.p. s. suggesting 

that exchange is still occurring with the solvent. Addition of antimony 

pentafluori·ie to the solution has the effect of reducing the basicity of 
+ 

the solvent and the C=O-H line width decreases indicating :a further 

reduction in the rate of proton exchange. 

N1 N-Dimethylacetamide 

The spectrum of a solution of N,N-dimethylacetamide in fluoro~ 

sulphuric acid at 25° contains only two signals, due to the N(CH3)2 and 

G.CH3 groups respectively. On decreasing the temperature a new peak, A$ 
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appears with a chemical shift of approximately -10 p.p.m. which is at first 

broad and then gradually narrows until it has a width of only 2.8 c.p.s. at 

-79° (Fig. 6). This peak may be assigned to the protonated oxygen atom by 

comparison with the similar peak which occurs in the spectrum of acetamide 

at low temperatures. No further change occurs below -79°, indicating that 

exchange of the captured proton with the solvent has become very slow. The 

relative areas of the three peaks at -79° were found to be A:B:C:: 0.96~ 

5.91~ 3.00 and they are assigned to the OH, N(CH3)2,and c.cH3 groups 

respectively. If N-protonation occurred three peaks of relative area 

lg 6g 3 would be expected as for 0-protonation. However the new peak 

due to the captured proton has a chemical shift of -9.80 p.p.m., which 

is close to the chemical shifts of -10.40 p.p.m. and -10.15 p.p.m. for the 

analogous peaks in the acetamide and N-methylacetamide spectra which can 

be unambiguously assigned to the =OH group. Moreover, A is a single 

sharp line showing no evidence of fine structure, although if N-protonation 

occurred spin-spin coupling between the NH and N(CH3}2 protons would be 

expected, since in a solution of N-methylacetamide in fluorosulphuric 

acid J H.N.cH3 • 5.03 c.p.s. At all temperatures the N(CH3)2 signal is 

essentially a single peak, although its width (2.4. •:.p.s. at 25° an·i 5.6 

c.p.s. at -79°), its unsymmetrical shape, and the presence of several ill­

defined shoulders strongly indicate that it has an unresolved fine 

structure. This can presumably be attributed to a very small chemical 

shift between the two methyl groups, their non-equivalence being due to 

restricted rotation about the central C-N bond, ano mutual spin-spin 

coupling. There is possibly also some coupling with the OH an<r· C. cH3 
protons. The greater width of the N(CH3)2 signal at -79°C ~an perhaps 



be attributed to a small increase in the chemical shift between the twc 

methyl groups with decreasing temperature. In the pure liquid 1 and in 

solution in various organic solvents, the signals from the two. N-methyl 
73 

groups are clearly separated at room temperature • However, in 100% 
69 

sul.phuric acid lraenkel and Franconi were unable to resolve the two 

separate methyl groups. They attributed this to the broaden:L."1g of the 

peaks caused by the high viscosity of sulphuric acid. Howev~r, as the 
'72 

'riscosi ty of fluorosulphuric is only 1/10 that. of sulphuric acid !I this 

cannot be the only factor involved. Presumably the chemical shift 

betweer. the N-methyl groups is smaller in the prctonated thari in the 

neutral amide. It is interesting to note that a recent study of the 

spectra of solutions of dimethylacetarnide in a variety of G!"ganic solvents 

has shown that the chemical shift between the two methyl grouns is solvent 

and concentration dependent and can become zero or even change sign in 
73 

suitable solvents • 

Formamide 

The spectrum of pure liquid f ormamide at room temperature is shown 

in Fig. 7a. The broad peak C ccn be attributed to the NH2 protons and 

the peak B to the formyl proton Hi split by coupling with the H3 proton 
74 

(v) • The chemical shifts between the three protons are relatively 

small and they will not therefore give rise to a simple first=order 

spectrum, which is the reason for the unsymmetrical nature of the f ormyl 

proton doublet. In solution in fluorosulphuric acid the spectrum changes 



to that shown in Fig. 7b. It seems clear that the broad NH2 ueak has 

now split into the triplet expected as a result of N1h-H couuling and 

37 

that the middle peak of this triplet lies beneath the sharper doublet that 

can be attributed to Hi• Unresolved splitting due to coupl1ng with H2 9 

in addition to H3, is evident in the form of shoulders on the centre peak. 

The observed separation of the outer components of the NH2 triplet gives 

JNH ~ 62 t 5 c.p.s., which is in good agreement 'With the value of 60 x 4 
75 

c.p.s. obtained by Roberts for pure liquid for:mamide at temperatures 

above So0 • An integrated spectrum gave relative areas for the three 

peaks of 0.74: l.55z 0.71, which is in reasonable agreement with the 

expected values of C.67: l.66g o.67 in view of the extensive overlap of 

the broad peaks. 

With decreasing temperature the Nl12 signal collapses to a single 

peak that is coincident with the peak due to the formyl proton (Fig. ?c)., 

At -Bo0 a new peak~ A, appears at low field which may be attributed to the 
+ 

C "" OH group. At -9f0 the A peak has a chemical shift of =10.69 Pon.m. 

and integration of the spectrum gave relative peak areas Ag B + Cgg 
+ 

l.OOg 3.03, in agreement with their assignment to the C = OH and NH2 plus 
+ 

CH groups respectively. The width of the C =OH peak (14.9 c.p.s.) 

presumably indicates that exchange of this proton with the solvent is 

still occurring at -98°, although some of the broadening could be due to 

the increased viscosity of the solvent at this temperature. 

!-Methylf ormamide 

The n.m.r. spectrum of N-methylf ormamide in fluorosulphuric acid 

solution at 25° consists of two well defined peaks due to the f ormy'l proton 

and the N-CH3 protong in addition there is a broad peak with the same 
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chemical shift as the f ormyl proton. This peak is attributed to the 

proton attached to nitrogen. In agreement With thi! assignment the 

relative areas of the combined f ormyl +NH protons to the N-CH3 peak is 

2.18~ 3.00. The N=CH3 peak bas a doublet structure due to spin~epin 

coupling with the N-H proton (JH, CH ~ 4.4 c.p.e.) VI. 
2 3 

VI 

In addition the form;yl proton further splits each peak of the CH3 doublet 

into a smaller doublet (JH , CH • 1 c.p.s.) and it is also coupled to ~ 
l 3 

(JH
1

, ~ ~ 4.5 c.p.s.). These results are consistent with protonation on 

oxygen with rapid exchange. Upon lowering the temperature a new peak 

appears at -lo.48 p.p.m. which can be attributed to the captured p~oton 

attached to the carbonyl oxygen. Area measurements confirm this 
+ 

conclusion (H~o~c ~ H1 + J12 ~ NCH3 gg 1.04~ 1.90~ 3.0). However the 
+ 

H-OmC peak is quite broad at -85° indicating that exchange is still 

occurring. In a solution containing N 3 mole % SbF5 the rate of proton 

exchange can be slowed down eu.fficiently eo that a doublet structure for 
+ 

the HO..,C peak can be observed: this is attributed to spin-spin coupling 

N,N~Dimethylformami~! 

The spectrum of a solution of dimethylf'ormami.de in fluorosulphuric 

acid a·t 25° consists of the peak B, due to the f o~l proton, and the 

doublet C~ due to the two N~methyl groups (Fig. 8). For the pure liquid 

dimethylformamide and for solutions in a large number of organic solvents, 

it ha~ been found that two peaks are obtained for the N-methyl groups, 
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and it has been shown that this is because they are non~eouivalent as a 
5,66,73 

consequence of hindered rotation about the OC-N bond 0 The neak 

at higher field is split into a doublet of seuaration 1.1 c.poso and th~ 

peak at lower field is split into a doublet of 0.7 c.p.s. These 

splittings are almost exactly twice as large as those found by Hatton and 
73 

Richards for the pure liquid (0.65 and 0.3 c.p.s. respectively). The 

splitting is attributed to coupling of the N-methyl groups with the formyl 
a 

proton~ and the high-field peak is assigned to the CH3 group trans to the 

fc:rm.yl hydrogen and the low-field peak cH3b group cis to the formyl 

proton (VII). 
a 

O~ /CH3 
C - N b H,...... 'cH 

VII J 
The greater coupling between the f ormyl proton and the N-methyl groups in 

the protcnated form than in the neutral amide may reasonably be associated 

with a greater double-bond character of the central C-N bond in the 

protonated form. In solutions of rlimethylf ormamide in 100% sulnhuric 
69 

acid Fraenkel aiid Franconi found rather larger splittings of the N= 

methyl resonance-s of 1.2 and 1.7 c.p.s. respectively. The reason for the 

difference between their results and those reported here is not clear. 

The resonance of the formyl proton is somewhat broad (2.9 c.p.s.) and a 

number of shoulders on the line strongly indicate unresolved fine 

structure. This must arise from spin-spin coupling between the forrrr.rl 

proton and the N~methyl groups. At low temperatures a new peak~ A, 

appears in the spectrum at low field (-9.98 p.p.m.), which can evidently 

be attributed to the OH group of the 0-protonated form. At -80° (Fig.9) 

the 1-elative areas of the peaks were found to be AgBgCgg 1.04:; 0.96? 6 .. 00 
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ir. agreement with the suggested assignment. The OH and CH peaks are both 

doublets due to mutual spin-spin coupling, JCH OH• 4.7 c.p.s. That the , 
resolution of the CH doublet!s poorer than that of the OH doublet is 

presumably due to weak spin-spin coupling of the CH proton with the two 

N-methyl groups. The reason for the loss of the fine structure in the 

doublet C due to the N-methyl groups is, however, not clearo 

Benz&mide5 N-methyl benzamide, and N,N-dimethylbenza.mide 

In fluorosulphurie acid solution these bases give n.m.r. spectra 

at 25°c which are very similar to those observed in a neutral medium. 

Thus benzamide gives a spectrum which consists of two peaks due to NH2 

and phenyl protons; N-methylbenzamide gives three peaks of relative area 

l.Olg 5.22g J.00 corresponding to the NH, C6H5, and N-cH3 protons. The 

N-CH3 peak is observed as a doublet (J • 5.37 c.p.s.) due to spin-spin 

coupling with the N-H proton indicating that the N-H proton is not 

exchanging. Only two peaks are observed for N,N-dimethylbenzamide of 

relative area 5.09g 6.00 which are assigned to the C6Hs and N(CH3)2 

protons. Restricted rotation a.bout the C-N bond results in the methyl 

groups having different chemical shifts and a separation of 9.hB c.p.s. 

is observed. 

Upon lowering the temperature a new peak app!ars at l"'V -10 p.p.m. 

which by comparison 'With the other amides studied is assigned to a proton 

attached to the carbonyl oxygen. Area measurements confirm this 
+ 

assignment; for benzamide at -85° the relative areas of OH~ NH2 + C6H5 
+ 

were found to be o.BJ~ 7.00; for N-methylbenzamide at -86°, OH: NH: 

C6Hsg N.CH3 ~g l.Olg 1.07: 5.18: 3.00; 

-12°, OHg c6H5: N(cH3)2 :: o.89: 4.98: 

and for N,N-dimethylbenzamide at 

6.oo. In each case (except 



hl 
+ 

N,N-dimethylbenzamide) the OH peak is soMewhat broad at -85°, indicating 

that even at this low temperature there is slow nroton exchang~ b~tw~en 

the solvent and the conjugate acid of the amide. It is founn that th~ 

doublet separation of the N-methyl peak of N,N-dimethylbenzarnide in 

fluorosulphuric acid solution changes from 9.46 c.p.s. at 25° to 6.74 c.poso 
73 

at -85°. Hatton and Richards have attributed the changes in chemical 

shifts of the methyl groups of N,N-dimethylamides, in aromatic solvents, 

to the association of the amide with a solvent molecule: this association 

producing an effect which is different for each methyl group hence the 

change in separation of the doublet. If in a similar way lowering the 

temperature of a solution of N,N-dimethylbenzarnide in HS03F, in addition 

to slowing down the proton exchange, also increases the extent of hydrogen 

bonding between the carbonyl oxygen and solvent molecules then this may in 

turn effect the chemical shift of ons methyl group more than the otherg 

the result being a decrease in the chemical shift between these groups. 
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TABLE I 

CHEMICAL SHIFTS OF AMIDES IN FLUOROSULPHURIC ACilJ 

+ 
H - 0 R.3 " / C - N 

/ \ 
Rl ~ 

Amide Temp. - ~ <E•E•m•) from Ext. T .M.s. J 
( 0c) 0- C-R1 N-R2 N-R3 (c.p.3.) 

Acetamide +2.5 2.76 8.28 8.28 

-Bo 10.72 2.67 8.24 8.36 

-92 10.40 2.67 8.26 8.36 

N-Methylacetamide 2.5 2.69 8.31 3.36 JR2, R r: O 3 .., • 

-85 10.15 2.58 8.27 3.25 

I'T,N-Dimethylacetamide +25 2.73 3.55 3.55 

-79 9.80 2.64 .3.45 J.45 

Forma.mide +25 8.55 8.68 8.68 J 62 t 5 N,R2,3 
J 8.5 Rl,R3 

-84.5 10.81 8.60 8.60 8.60 

-98 10.69 8.60 8.60 B.60 

N-Methylf'ormamide 25 a.so N8.58 3.44 JR2,R3 4.4 

J 
11_,R.3 1.0 

J R1,R2 4.5 

-85 10.49 8.48 8.66 3.33 

-69* 10.39 8.57 8.76 J.46 J R11 0H 3.5 

* Solution in 10 mole % SbF5 in f luoro3ulphuric 1cid. 
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TABLE I (Contd.) 

~___....~. 

.A.rrii.de Temp. : ~ <:e•E•m•) from Ext. T .M.S. J 
(oc) 0-H C-R1 N-R2 N-R3 (c.p.s.) 

~"'-~-·~-~ 

N, N·~Dim0t,hylf o:crna.aa.de +25 e.38 3.49 3.59 J 11_,RJ 1.1 

JR1,R2 0.7 

-Bo 9.98 B.JB 3.43 3.53 J R1,0H 4.7 

Benz•11d.d~ 25 B.oB B.59 8.59 

-85 10.20 8.0J 8. 72 8.72 

N-}fethylb"~~zam:i<'l" 25 7.93 8.61 3.54 J R2,R3 5.4 
-71 10.37 7.97 B. 72 3.50 

-86 10.34 7.93 8.73 3.h7 

r-r, N~D!.meth7lbenza.mide 25 7.85 3. 72 3.56 

-72 • 9.91 7.Bu 3.61 3.49 

-85 9.95 1.a5 J.63 3.51 
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Fig. 3 N.m.r. SPECTRUM OF A SOLUTION OF ACEl'AMIDE IN FLUOROSULPHURIC ACID AT 25°. 
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(3) THIOAMIDES 

As wi·th O=arnides some workers have presented evidence for 
58,60,62,63 

protonation en the sulphur ato~1 of thioamides while others 
54,56 

have concluded that protonation occurs on nitrogen • The results 

for thioacet.amide and thioacetanilide presented in Table II clearly 

establish that protonation occurs on sulphur. 

Thioacetamide 

The spectrum of a solution of thioacetamide in fluorosulohuric 

acid at 25° contained in addition to the solvent and tetramethylsilane 

peaks~ three peaks A, B and C of relative areas l.98g 0.90g 3.00 which 
+ 

may be assigned to the ~' C~H and CH3 groups respectively (Fig~lO). 
+ 

It is interesting to note that the C:::.SH peak (B) is quite sharp 

indfoating that proton exchange with the solvent is slow even at 25° .. 

The N112 peak (A) is a broad triplet due to NJ.4-H coupling. Reducing 

51 

the temperature causes this triplet to collapse to a single Jine ::is r1<% 

also been i'ound to occur in the case of acetamide and formar'l.idc· J 

Thioacet&nilide 

A .solution of thioacetanilide in acetone gives a spectrum with 

three peaks, in addition to the solvent and reference peaks, that may be 

attributed to the NH, c6Hs and CH3 protons. In fluorosulphuric acid at 

25° an additional peak appears that may be assigned to the C=SH group. 

The spectrum at -40° (Fig. 11) is essentially the same except that the 

NH peak is sharper and is more clearly resolved from the solvent peakg 
+ 

the four peaks A, B, C and D may be attributed to the NH, C6H5, C•SH 
+ 

a.nu CH'.'l groups respectively. The CcSH resonance occurs at approximately _, 

=:.;.;.; p.p.m. from tetramethylsilane which is at considerably higher field 
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than the C=Ofl resonance ( ~ -10 p.p.m. ). The chemical shifts for the 

S-H group in thiophenol and thiolacetic acid are .3.2 and -4.73 p.p.m. 
76,77 

respectively , whereas the chemical shifts for the OH group in 
l 77 

phenol and acetic acid are f'V-7.5 and -11.37 p.p.m. respectively. 
+ 

The sharpness of the C-=SH resonance at 25° indicates that proton exchange 
+ 

is very much slower than for the C•OH group under the same conditions. 

A rough comparison of the lifetimes of the conjugate acids of 

acetarnide and thioacetamide was made as follows. 
+ 

The width of the OH peak of protonated acetamide is still some-

what broad at -92° indicating that exchange is still occurring. Since 

+ there are distinct signals for the solvent and 0 H the conditions for 

slow exchange may be applied to equation (1.13) which reduces to 

G :::;- GA~ -i 't H1 Mo PA ~A (J.1) 

l+ocAl"'A 

The imaginary part is 
I 

..,, = 't ff1M PA T2A 
-~ 0 

(T' 2A)2 (WA -W )2 1 + (3.2) 

i.e. there will be a broadened signal centred at WA with width given 

by the parameter 
I -1 -1 

T2A • T2A 
+ .,.. -1 

A (J.J) 

Thus if T
2
A is known ..,...A can be found from the width of the broadened 

. al TI -1 sign 2A • 
-1 

If T
2
A is taken a~ -1 ( TT • 6.0 sec estimated from 

+ linewidths of o H of protonated ketones at c.a. -90° Chapter V) then 

}'-l will have a value of ( TT .23.2 - 71.6.0) sec-1 " 1T 17.2 sec-1 

and this is equal to k, the rate constant for proton loss by the 

conjugate acid. The dependence of the rate of proton exchange on the 
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temperatur~ can be expressed by the Arrhenius equation 

k k ~E/RT 
"" oe (3.4) 

From this equation an estimate of the rate of proton exchange for the 

conjugate acid of acetamide at 25° can be calculated. This was found 

t.o be lo.S x 107 aec-1 (appropriate value for E of 11.5 K cals was 

estimat~d from data on the conjugate acids of ketones Chapter V). Since 
+ 

the S H peak of protonated thioacetamide is quite sharp and has a chemical 

shift from the solvent of approximately 5.8 p.p.m. the lifetime of the 

0 
captured pr~ton on the sulphur atom at, 25 must be greater 'than l 

~.3~0 ':) ~ 1 
sec. or k "" 2.2 x 10·,, sec -. 

Thus the lifetime of the conjugate acid of thioacetar:iide is 

considerably greater than that of the conjugat.e acid of acetamide. This 

might appear to suggest that thioacetamide is a stronger base than acetamide. 
78 

However the value of pKBH+ for thi~acetamide of -1.76 indicates that it is 
79 80 

a. weaker base than aceta:mide pKB~ +0.37 and -o.51 • In agreement 
81 

with this it has also been found that thiolactams are weak~r bases than 
82 

lactarns •. · ·. If thioacetamide is .inde"d a weaker base than acetamide then 

one must conclude that the rate of proton exchange of amides and thioamides 

is influenced by several other factors in addition to their basic strengths. 
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TP.Bt"R II 

CIBLl:'.J<:::AL SHIFTS FOR SOLUTIONS OF THIOM~IDES 

T~mp. 
C-'c) 

Solvent 

~---~=---- ._., ___ , ----~--~------------------

Tmoacet.all'ide 25 acetone 2.35 B.h7 S.h7 
II water 2.9h 9.h8 9.48 

II fluoros1.1lphuric 
acio 5.75 3.00 9.25 9.25 

-50 II 5.69 2.89 9.21 9.21 

-81 II 5. 72 ?.92 9.29 9.29 

':':1ic: th>~'t ari::lide 25 acetone 2.47 10.55 7.19 

II fluorosulphuric 
acid 5.45 3.17 "'1o.5~A- 7. 72 

-40 5.39 3.09 10.64 7.68 

---~-

·JI- N-H -~}eak broad and very close to solvent;. 

54 

----~-~-

r "l '"'O ~1 "W j- R ' ;;.c 
~ . 
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(4) UREAS 

The results for thiourea.9 N-methylthiou:rea, urea and N.llN~dimethyl~ 

'IU'8& •~~ given in Tabl~ lIIo 

Thiourea and N-met!;zl·thiourea 

The spectrum of thiourea in water or trifluor8cetic acid contains 

only one line due to the NH2 group in addition to the solvent oeak. The 

fact that the trifluoracetic acid peak is quite broad suggests that 

although protonation occurs in this medium proton exchange is rapid at 

25°. In the more acidic (and less basic) medium sulphuric acid,a new 

peak appears in the spectrum at approximately -5 p.p.m. that can be 
+ 

attributed to the C~SH group and the NH2 peak disappears. In fluoro= 
+ 

sulphuric acid the spectrum is essentially the same except that the C=SH 

peak is somewhat narrower indicating that proton exchange with the solvent 

is slower than in sulphuric acid. Decreasing the temperature causes a 

further narrowing of this line, as expected. At the same time the solvent 

peak increases in width with decreasing temperature. This observ•tion and 

the disappearance of the NH2 peak can only be reasonably interpreted as 

being due to diprotonation, the first proton being attached to sulphur 

and exchanging only very slowly with the solvent and the second proton 

being attached to nitrogen and exchanging rather rapidly with the solvent. 

The behaviour of N-methylthiourea is similaro In water and tri-

fluoracetic acid the spectrum consists of three peaks A, B and c, due to 

the NH, N~ and N=CH3 groups respectively (Fig. 12). The latter peak is 

a doublet due to spin-spin coupling with the NH proton (J = 4 c.p.s.) 

Area measurements gave a ratio A + Bg C • 2.8g 3.0. Fig. 13a shows the 
+ 

spectrum of a fluorosulphuric acid solution at -47.5° • A C=SH peak (B) 
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has appeared, the NH peak has disappeared and the N-cH3 peak (C) has 

collapsed to a single line. The relative areas were found to be AgB;C ~ 

1.Bli o.95z 3.00. It must be concluded that a second protonation occurs 

on the nitrogen of the NH.CH3 
+ 

group but proton exchange between the 

~.cH3 group and the solvent 
0 

is quite rapid even at -80 • By using a 

less basic SbF5/HS03F mixture as solvent it was found possible to reduce 

the rate of this exchange sufficiently, so that at -67°, a new peak D is 

observed in the spectrum at -8.19 p.p.m. (Fig. 13b) which can ~resumably 

be attributed to the two protons on the methylated nitrogen atom. The 

N-CH3 peak was found to have a width of 15 c.p.s. which must be at least 

partly due to· slow proton exchange: in the absence of exchange this peak 
+ 

would be expected to be a triplet due to coupling with the NH2 protons. 

At low temperatures these solutions become very viscous and this is also 

partly responsible for the broadness of the signals. 

The conclusion that protonation of thiourea and its N-methyl 

derivatives occurs first on sulphur is in agreement with ultra-violet and 
58,60 63 

infra-red spectroscopic studies and wide line n.m.r. studies on 

thiourea. salts. It ~pears that a second protonation occurs on the 

nitrogen atom in very strong acid solution. 

Ure~ .. 8.E:~. N, N1-d~ethylu.z:~ 
In dilute aqueous solution the spectrum of urea consists of an 

~ peak. In sulphuric and fluorosulphuric acids this peak disappears 

and no peak was observed for urea even at -86° or in fluorosuluhuric 

acid containing 10% SbF5 at -88°. However in both these latter cases 

the solvent peak is quite broad indicating that, contrary to the behaviour 

of other amides, proton exchange is fairly slow but not slow enough for a 



59 

separate peak from the conjugate acid of urea to be observed. That the 

disappearance of the N-H resonance is not due to quadrupole relaxation 

was demonstrated by the use of N15 urea (N1.5 has spin i and hence no 

quadrupole moment)g as before no peaks were observed. 

Ol'lly a single peak was observed due to NCH3 group in the spectrum 

of a 6 mole % solution of N,,IP~dimethylurea in water. Thus it appears 

that in this case the NH protons exchange with the solvent even in dilute 
63 

aqueous solution. Redpath and Smith however observed both an NH peak 

(width= 23 c.p.s.) and an unsymetrical methyl doublet (J a 4.3 c.p.s.) 

in a solution containing o.6 weight fraction of N,N•=dimethylurea in water. 

This doublet collapses in sulphuric acid solution. Although, as in the 

case of urea, the solvent peak became very broad at low temperatures it 

was not possible to slow down exchange sufficiently, even at -88° in 
+ + 

HS03F containing l°" SbF5, to observe peaks due to ~ or C-OH. Unfortunately 

these results do not enable any definite conclusions· to be drawn concerning 
I 

the site of protonation in urea and N,N~dimethylurea. In the case of 

simple ami.des, by decreasing the basicity of the solvent,the rate of 

proton exchange with the solvent can be decreased sufficiently so that a 

separate n.m.r. signal from the conjugate acid can be observed. However 

in the case of urea and its derivatives decreasing the basicity (and 

therefore increasing the acidity) of the solvent probably leads to a 

second protonation of the amide and the diprotonated species exchanges 

more rapidly with the solvent than the conjugate acids of simple amides. 

Evidence for the diprotonation of tetraethylurea has been obtained from 
83' 

freezing-point measurements in 100% sulphuric acid • Evidence that 

the site of the first protonation is on the oxygen atom is given by the 
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results of an X-ray diffraction study of the crystal structure of N~ 

methylurea nitrate in which a short hydrogen bond was found betwMn the 
63 

carbonyl oxygen and an oxygen of the nitrate ion. Redpath ann Smith 

have also obtained evidence from the line-widths in the n.m.ro snectra 

o! various crystalline urea salts that the conjugate acid of urea has ct 

prot.011 or: t.he carbonyl oxygen. The infra=red and ultrn-viclet spectra. 
58 

cf urea hyd:r-oc.b.loride have also been interpreted on the basis of 

p:tc,+.~nation on the carbonyl oxygen. 



TABLE III 

CHEMICAL SHIFTS FOR sowrIONS OF UREAS AND THIOUREAS 

Urea Temp Solvent - O <2·E•m•) from Ext. T .M.S. J 
(OC) Solvent !-B R:H N-cil3 (c.p.s.) 

Thiourea 25 water 5.12 7.66 

n trifl.uoracetic ll.9$(22)-t: - 1.83 
acid 

" sulphuric acid 10.89(29) 5.25(44) 

" nuorosulphuric 10.JO{l5) 4.87(21) 
acid 

-50 II 10.63(46) h.81(- 5) 

-73 " ll.05(69) 4.84(-v 5) 

N-Methylthiourea 25 water 8.07,7.59 3.33 J H,CH3 
3.8 

II trifluoracetic ll.4.5(21) 8.02,7.55 3.16 Ja,cH3 
4.2 

acid 

" sulphuric acid ll.21(29) 5.2l(broad) 7.84 3..56) No coupling 
) 

-47.S fluorosulphuric ll.ll{JJ) 4.79(sharp) 7.29 3.24) observed 
acid 

-67.5 fluorosulphuric 10.81(29) 4.86 8.19,7.32 3.35 °' acid* I-' 

... Values in brackets denote line width * i:g~r~~Pius6r5acid solution contains 



TABIE III (Contdo) 

Urea Temp Solvent - 6 (pop.mo) from Ext. T.M.S. J 
(oC) Solvent X-H N-H N-CH3 (c.p.s.) 

Urea 25 water S.13 6.08 

II trifluoracetic 10.11(13) 

II sulphuric acid 10.81(- 4) -
" fluorosulphuric 9.10(- 5) -

acid• 

-6o II 9.38(16) .. 
-80 II 9.52(34) 

N,N 1-dimethyl urea 25 water 5.32 3.08 

n tri.tluoracetic 11.09(8) 2.97 
acid 

II sulphuric acid 10.94 3.,43 

-86 fluorosulphuric ll.67(64) 3.33(31) 
acid 

25 fluorosulphuric 9.97 J.34 
acid* 

-88 n 11.94(93) 3.59(-v120) 

+ Values in brackets denote line width 
"' Fluorosulphuric acid solution contains 4.47 mole % SbF5 "' * 
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(5) SULPHONAMIDES 

The results are summarised in Table IV. The conjugate acids of 

these bases undergo extremely slow proton exchange with the solvent eve~ 

at room temperature. Fig. 14 shows the spectrum of N-methyl-p~ 
+ 

t.0luenesulphonamide at -5°~ A is assigned to the C6Hh and NH2 protons, B 

~v the N·CH3 group and C to the E-cH3 group. This assignment is confirmed 

by the relative areas of the peaks which were found to be A~ B~ C = 

6.l3g 3.05g 3.00 and the fact that B is a noorly resolved trinlet ~ue to 

spin-spi.~ coupling with the NH2 protons. Fig. 15 shows the spectrum of 

N,N~dimethyl-p-toluenesulphonamide at 25°. A is assigned to the C6It 
+ 

and NH protons, B to the N-CH3 group and C to the p-C H 3 group. This 

assignment is confirmed by the relative areas of the peaks which were 

found to be A<J B~ C = 4.87:. 6.JO: 3.00 and the fact that B is a doublet 
+ 

due to spin~spin coupling with the NH proton. It is clear that in both 

th~~e cas~s protonation is on nitrogen. 

A s:>ltition of sulphamide in fluorosulphuric acid at 25° gave the 

sp.ec:>:trum in Fig. 16. consisting of a moderately broad peak superimpo.-'Jfd 
+ 

on a very broad peak. The former is assigned to the NH3 group and the 
+ 

latter to the NH2 group in the conjugat" acid of suJ.phamide O=S (N82 )(NH3). 

No peaks other than the solvent peak were visible in the spectrum cf a 

sulphuric acid solution at room temperature nresurnably because of 

relatively rapid proton exchange between the conjugate acid of sulphamide 

and the solvent. 
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TABLE J.V 

GHEl·'.i.ICAL SHIFTS OF SULPHAHIDE AND S011E SULPHONAMID1'.}~ 
-~-~-~--~~~----.. .. .--..-.~. 

IN FLUOROSULPHIJRIC ACID 

0 H 

-0-11 +/ 
CH3 S - N - R1 

II ' 0 ~ 

Sulphon~mide Temp. -c5 (p.p.m.) frc.m Ext. T .M.S. ,_: 
( 0 c) Phenyl N-H N-cn3~c-cH3 c.p.s. 

--------------------------

}J-Methyl-p-toluenesulphon8mide 25 B.06 l'V7. 79 3.30 2.77 

-5 8.06 rv?.79 3.29 2.74 r r: 4 "n: c·· ) • ' !J rt3 

-70 B.06 "\/ 7. 79 3.26 2.68 

1'~,N=Dim0-!:hyl-p-tcluer..csulphonar11ide 
,...-J 8.06 fV 7 • .56 3.32 2.76 T r· f-, t:::> ·' H r•r.1 :· • -· ,v .. ~; 

-50 8.04 rv? • .56 3.29 2.74 
+ 

NHJ m12 

S «llphar1ti.d e 25 a.21 7.68 

------.:0.,.,.~ 
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CHAPI'ER rl 

FROTONATION OF METHYL BENZENES ANDANISO~ IN FLUOROSULPHURIC ACm 

(1) INTRODUCTION ----
The prctonation and relative basicities of the various methyl-

8h-88 
benzenes has been discussed in a number of papers • Mackor et al • 

have measured the basicity constants for a large nwnber of aromatic 

88 

hydrccarbons in HF solution. The electronic absorption spectra of aromatic 
87 

carbonium ions of type AH have been studied -.nd TT-electron resonance 

energies calculated. It has been assumed that the proton adds to one 

carbon atom thereby forming an tia.liphaticn CH2 group as first suggested 
85 

by Gold and Tye in the case of anthracene. Definite evidence in 

support of this assumption has been obtained from the n.m.r. spectra of 

the conjugate acids of a number of aroma.tic hydrocarbons obtained by 

dissolving the hydroc,rbon in astrongly acid medium such as BF3.H:?o/cF3cooH 
or EF3/Hi19• Although for pentamethylbenzene in BFyHF a rather broad 

line due to the C~ group was observed at r-oom temperature, in the case of 

hexamethylbenzene, mesitylene and other weaker bases it was necessary to 

make measur~ents at low temperatures in order to observe the resonance 

of the c~ protons. This has been attributed to the exchange of the CH2 

protons by one or more of three processes. 

( i) Exchange With the solvent HS 

AH+ + s- • A + HS 

71 

(4.1) 



( ii} Intermolecular exchange between the aromatic 
hydrocarbon and its conjugate acid 

( 

0 ' • \ 

:n.11 

(h.2) 

Intramolecular exchange of the proton between 
positions of equal proton affinity on the 
same ca.rboniwn i.on9 e.g. 

CH3 

CH3 H 3 CH3 rCH3 

CH:r H3 CH3· 
+k+i 
/ -cH3 

H CH3 (4.J) 

From the results of their s~udies of the protonation of aromatic 
20 

72 

hydrocarbons in HF/BF3 MacLaan and Mackor have concluded that for hexa-

methylbenzene, durene and prehnitene exchange proceeds by (h.J) for 

mesitylene by (4.2) and (h.l) and for !!! -~lene by process (4..,.-2) while 

for pentamethylbenzene they observed no exchange. 

Fluorosulphuric acid has a. somewhat greater acid strength than HF 

and a similar low freezing point, but unlike HF can be handled in 

conventional glass apparatus. It was hoped that useful information on 

the exchange of protons between aromatic hydrocarbon and acid solvents 

would be obta.ined by a parallel study to that carried out by MacL<!an and 

coworkers using HS03F rather than HF as a solvent.. One particular aim 

was to ascertain if the novel mechanism (4.3) also operates in HS03F 

solutions. 
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(2) SPECTRA OF HYDROCARBON CONJUGATF. ACIDS 

For each of the hydrocarbons studied it was found that at 

sufficiently low tempera.tures and under sufficiently acid conditions 

the l:i.fetime of the hydrocarbon conjugate acid is long enough for its 

Table V contains chemica.l shift 

da-l:a for these basss. 

Mesit_ylen~ 

The spectrum of a 6.16 mole % (1.2 molar) solution of mesit.J<lonl!: 

:J..n fluorcsulphuric acid at -79° is shown in Fig. 17. It consists of 

th:r·ee peRks A, B and C of relative areas 2.02: 1.96~ 9.08. These 

threC:> peaks must arise from the two aromatic protons A, the two 

"methylem~·i protons B, and the three methyl groups C respectively, 

indicating that protonation has occurred on one of the ring ce.rbon 

atoms. Since the three methyl groups are no longer equivalent the 

methyl resonance actuc.lly consists of two overlapping peaks of relative 

The spectra of other solutions with concentrations in the 

range 2~6 mole % are all quite similar. No signals were observed for 

any of the solutions that could be attributed to the unprotonated 

mesitylene indicating that, under the experimental conditions, the 

protonation of mesitylene is essentially complete. 
20 

This is of some 

interest since MacL~an and Mackor 1s n.m.r. spectrum of a 3.5 molar 

solution in anhydrous hydroi:;en fluoride saturated with boron trifluoride 

indicated M1iilt only 6($ of the mesitylene was present in the protonated 

f o:rm, the remainder being present as the free base. 

No fine structure due to spin-spin coupling was observed, 

although in HF solution MacLean and Mackor found that the paramethyl 
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group was a triplet. They attributed this to snin~spin coupling with 

the 11methylene 11 group although the expected quartet splitting of the 

methylene signal was not observed. 

Durene -
Four peaks, A, B, c, and D are observed in the spectrum of durene 

in fluorosulphuric acid at low temper·ature (Fig. 18). These may be 

attributed to the CH, and C~ groups and two nonequiv-alent methyl group.s 

respectively. The relative areas were found to be A: Bg Ci D = 0.87g 

lo '79'l 6.0 in agreement with the proposed assignment. 

Penta.methyl.benzene 

Protonation of pentsmethylbenzene occurs at the only unsubstituted 

ring position. The spectrum of a fluorosulphuric acid solution at -49° 
is shown in Fig. 19~ it consists of four peaks A, B, c, and D of 

relative areas A~ Bi Cg D = l.77g 3.11~ 6.09~ 6.00 which may be 

attributed to the CH2, p-CH3, Q-CH3, and ~CH3 groups respectively. 

Hexamethylbenzene 

A solution of hexamethylbenzene (2.7 mole %) in fluorosulphuric 

acid was found to give at -85°, a spectrum consisting of five peaks of 

relative areas A: Bg Cg D: E = 0.99g 3.06i 6.13~ 6.35~ 3.00 (Fig. 20a). 

Under favour,able conditions E was observed as a poorly resolved doublet 

due to coupling with the single proton A (J~5.8 c.p.s.) but no 

cor·responding split ting of peak A was observed. In HF/BFJ solution 

Ma.clean and Mackor found JAE"' 6.7 c.p.s. and also JAB • 3.S c.p.so 
19,20 

and JAC "' l c.p.s. • No fine structure, other than the doublet E, 

was observed in this investigation. 
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)--'!=Xylene 

Fig. 21 shows the sp~ctrum of a solution of ~~xylene in lo2 

mole % SbF5/nso3F at -50°. The rel-stive arM~ of the .,-,ealrn werl'I f~uncl 

to be AgBgCt ~ 2.91~ l.80g 6.oo. The spectrum is best exolained by 

assuming protonation ortho to one methyl and oara to the other methyl 
~- --

group. The "doublet" C is due to the nonequivalent methyl groups and 

B arises from the "methylene" protons. The phenyl part of the spectrum 

A consists of a peak B due to the proton ortho to both methyl groups 

superi..rnposed on an AB quartet arising from the other two ring protons. 

The unequal heights of the methyl peaks may be attributed to unresolved 

spin-spin coupling causing a greater broadening of one peak than the 

other. 

£::~~ 

The much weaker base E,-xylene was examined in a 13 mole % SbF5/ 

HSo3F solution. At -63°, which was the lowest temperature at which a 

reasonable spectrum could be recorded due to the high viscosity of the 

solution, only two very broad lines were visible in the s1'ectrum; one 

due to the ring protons and the other to the methyl grou~s. From am 

integrated spectrum the relative areas of the two peaks were found to 

be 4.77g 6.00 indicating that ring protonation had taken place. 

Anisole 

The spectrum of a solution of anisole in fluorosulphuric acid 

shown in Fig. 22a closely resembles that obtained in an organic solvent 

except that the spectrum is shifted o.6 p.p.m. to lower field. Figs. 22b 

and 22c show the effect of temperature. At low temperatures a new 

peak appears at 4.4 p.p.m. below the tetramethylsilll!le referance; this 
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can be attributed to a "methylene" group formed by ring protonationo 

At o0 the lack of resolution in the phenyl spectrum indicates that 

exchange of the CfI:2 protons with the solvent is still occurring, but 

at ~6h0 fine structure can be observed in the phenyl spectrum and as 

this does not change further at lower temneratures it is reason3ble 

t0 suppose that exchBnge has become very slow. The snectrum is best 

explained by postulating protonation at the ring nositicn E.!r~ to the 

methoxy group as Maclean and Macker h.'ive previously done in orrler to 
20 

explain the results of their studies of HF solutions , and not on the 

oxygen as has been assumed to explain the results of ultra~violet 
89 

spectr-oscc;pic measurements • Evidence for ring protonation has also 
20 

been obtained recently in the cases of dimethoxybenzene from n.mor• 
90 

atudies and for trimethoxybenzene from reaction rate studies • 
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TABLE V 

CHEMICAL SHIFTS OF METHYLBENZENES AND ANISOLE IN FLUOROSULPHURIC ACrn 

"""" __ ..... __ 
Base Temp. 

(oC) 
Chemical Shift~ 6 (p.n.m.) fr01nF,xt. T.M.S. 
So!vent CH CH2 - . CH3 

Mesitylene -77 10.99 7.67 4.56 2.93 2. 77 

( c:oncn. lo 93 
mole %) -35 10.84 7.68 4.57 2.83 

-25 10.61 7. 72 4.59 2.85 

Durene -88 ll.19 8. 75 5.02 2.85 2.58 

(concn.1.49 -69.5 11.09 B.69 4.99 2.69 
mole% + 
(9.04 mole % -60 ll.06 8.65 5.02 2.68 
SbF5) 

Hexamethyl -85 11.6o 4.19 2.85 2.112.411.71 

-benzene -73 11.59 4.23 2.68 2.53 1.61 

(concn.8.21) -62 11.56 4.20 2.58 1.89 

-46 11.49 4.21 2.51 

Pentameth:yl -49 o.o 6.52 8.43 8.59 8.88 

-benzene It 
(concn .. 2.82 
mole %+3.39 
mole % KS01F) 

The chemical shifts of the~e bases were referenced with respect 

to the solvent. 
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TABLE V (Contd.) 

Base Tgmp. Chemical 8hifts d(p.p.m.) from Ext. T.M.S. 
( C) Solvent Phenyl CH2 CH3 

!-Xylene* -80 o.o 1.91 2.04 2.77 2.89 5.97 1.10 7.81 

(concn.7.82 -50 o.o 1.74 1.88 2.62 2.77 5.85 7.55 7.67 
mole % + 
11.35 mole% 
SbF5) -31.5 o.o 1.72 1.85 2.57 2.74 5.78 7.58 

OCH3 

Anisole -64 11.14 8.92 B.76 6.59 8.42 4.34 4.65 

(concn.4.12 7.76 7.60 7.47 7.28 
100le %) 

0 10.95 8.81 8.46 8.26 1.69 4.40 4.77 

7.57 

25 10.79 8.66 8.31 8.15 7.58 4.3h 

7.h4 

* The chemical shifts of the~e bases were referenced with r~!Pect 

to the solvent. 
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Fig. 17 N.m.r. SPECTRUM OF A SOLUTION OF MF..SITYLENE (6.16 mole %) IN FilJOROSULPHlJRIC ACID, 
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Fig. 18 Nom.r. SPECTRUM OF A SOLUTION OF DURENE (1.12 mole %) IN FLUOROSULPHURIC ACID. 
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Fig. 19 N.m.ro SPECTRUM OF PENTAMETHYLBENZENE (2.82 mole %) IN FLUOROSULPHURIC ACID. 
PEAK A WAS RECORDED AT A HIGHER POWER LEVEL THAN PEAKS B, C, AND D. 
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Fig. 20 N.m.r. SPECTRA OF A SOLUTION OF HEXAMETHYLBENZENE 
(2.7 mole%) IN FLUOROSULPHURIC ACID. 
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N.m.r. SPECTRA OF A SOLUTION OF M-XYLENE IN FLUOROSULPHURIC ACID 
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Fig. 22 N.m.ro SPECTRA OF A SOLUTION OF ANISOLE IN FLUOROOULPHURIC ACIDo 
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(3) RATES OF PROTON EXCHANGE 

On raising the temperature of the solution the lifetime of the 

conjugate acid decreases and the spectrum changes accordingly. The 

methyl spectrum collapses to a single line in all cases except penta-

methylbenzene, which is the only case for which proton exchange does not 

lead to equivalence of the .Q.-, .m-, and .:e.~CH3 groups 9 the "methylene" 

(or CH.CH
3

) and phenyl peaks broaden and eventually merge into the base­

line and finally the solvent line broadens somewhat. The collapse of 

the methyl peaks of the conjugate acid of hexamethylbenzene with increas­

ing rate of proton exchange is illustrated in Fig. 20. The 2-cH
3 

group 

is the first to collapse since it has the smallest chemical shift, and 

the methyl group on the site of protonation is the last since it has 

the largest chemical shift from the other methyl peaks. These observa-

tions may be attributed to proton exchange by one or more of the 

processes (4.1) 9 (4.2) 9 and (4.3). 

The lifetime of the proton in the CH2 or CH.C~ group of the 

conjugate acid can be obtained from the widths of the CH and CH2 (or 

CH.CH
3

) signals. Under conditions where these signals can be observed 

the lifetime of the conjugate acid is large compared with the inverse 

of the separation of exchangeable sites and the condition for slow 

exchange may be applied. The broadened signal arising from protons at 

a site A has a width (l/T• 2A) given by the equation (3.3) 

l/Tv2A = l/T2A + J./t'A 

where IA is the lifetime of the proton on site A and l/T2A is the 

natural line width in the absence of exchange. 

The relation between the lifetime of any particular proton in 
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a hydrocarbon conjugate acid and the lifetime of the conjugate acid ; 

depends on the conditions under which exchange occurs and on the partic-

ular hydrocarbon under consideration. For example, for mesitylene 

when the concentration of free base is negligibly small the necessary 

relation may be derived in the following manner. Exchange between the 

two proton sites a and b occurs by a slow rate determining proton loss 

to a solvent molecule S followed by rapid addition of another proton 

from the solvent. 

a a 

CH3 ACH3 

bvb 
CH3 

c 
CH; '(\CH:; 

cVc 
CH3 

+ s --.... 

• + HS ~ 

c 

CH3 :OCH3 HS + 
c c 

CH3 
b 

CH3 CH3 • + s 
b 

Then if 1/1' and l/i are the probabilities of an a proton becoming as ac 

an s proton or a c proton respectively 

l/r' = l/2T ac 

Since 2/3rds of the c protons are rapidly reconverted to b protons 

l/rab = 2/31'"as = 1/31 

Hence ~CH2 = 1/1'-ab + 1/ias = 5/61 

Now 1/t"bc =1- and since 1/3 of the c protons are rapidly reconverted 

to a protons 

l/r ba = 1/31-bc = 1/31" 

Hence l/rcH = l/jba = 1/31" 

Thus for mesitylene 



1/1" CH = l/3i t l/'l"CH = 5/61 
2 
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(4.4a) 

The corresponding relations for the other hydrocarbons under the same 

conditions are 

Durene lfrcH = 1/21"', 1frcH
2 

= 3/41" 

Hexamethylbenzene J./r"CH CH = l/r 
0 3 

Pentamethylbenzene 11t-cH
2 

= 1/21"' 

m-Xylene l/i-CH
2 

= 3/4i 

(4.4b) 

(4.4c) 

(4.4d) 

(4.4e) 

The first order rate constant for proton loss by the conjugate acid 

is given by (3.4L 

k = 1/.,. (3.4) 

In order to obtain a value for i- from the measured line widths 

it is necessary to know l/T2• The CH and CH2 line widths for mesitylene 

are plotted against the temperature in Fig. 23. They decrease with 

decreasing temperature and eventually reach a constant limiting value. 

At very low temperatures the CH2 but not the CH line widths increase 

again somewhat. This may possibly be attributed to a decrease in the 

relaxation time as a consequence of an increase in '/T where 't is the 

viscosity and T is the absolute temperature. The theory of relaxation 

mechanisms indicates that l/T1, the inverse of the spin-lattice relaxa­

tion time, should be proportional to ~/T and Bloembergen et al.9l have 

shown this to be true for ethyl alcohol. The equations relating the 

intra- and intermolecular contributions to the spin-lattice relaxation 

time are given below9 (4.5; 4.6). 

Ql = 2 rr ?l a3/214 (4 • .5) 
(Tl) intra b0 kT 

<!l = r1 No-i 2Y4 (4.6) 
(Tl) inter kT 
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Under conditions where the molecules are rotating rapidly, as in liquids, 

thP- spin-lattice relaxation time Ti becomes equal to the spin-spin 

relaxation tiue T2 ~ hence l/T2 is proportional to 'j/T. The effect 

of temperature upon t,he viscosity of fluorosulphuric acid is not lmm·m 

so that a ~orrcction to the inverse of the relaxation time l/T2 due to 

change in ')/T with temperature could not be ma.de. However a partial 

correction for the effect of temperature alone was made according to 

1 • Ta 
T"2b Tb (4. 7) 

wher·e T2a is the relaxdtion tim!'! at the lowest tenroerature Ta, wh~n no 

further changes in the spectrum are produced; 

time at the higher temnerature Tb, at which the exch~nge rate is b~ing 

me.asured. Th~ calculated relaxation times, together with the measured 

1in2-widths G.nd log of the calculgted lifetimes of the conjugate acid 

are given in Tables VI-X. 

The line width of the CH2 peak is in 211 cases considerably 

greater than that of the CH peak. This may be due to unresolved spin-

spin coupling in the CH2 signal or to the protons of the methylene 

group having a shorter relaxation time which might possibly be 

~ttributed to these protons being involved in rather strong hydrogen 

bonding with the solvent. The line widths of the CH and C~ peaks in 

SbF5/HS03F solutions are greater than for solutions in HS03F alone 

which is consistent with the greater viscosity of these solutions. 

It is clear from Fig. 23 that the line widths are dependent 

on the concentration of the hydrocarbon bas~. An inerMs~ in the 
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concentration of hydrocarbon results in an increase in the CH and CH2 

line widths and a decrease in the temperature at which broadening is 

firl!lt obae?'Ved. Evidently the rate of proton exchange increases with 

increasing concentration of the hydrocarbon base. As the ionisation 

of the hydrocarbon produces fluoroaulphate ion which increases the 

basicity of the solvent, the increase in exchange rate is attributed 

to thi~ increase in solvent basicity. A detailed comparison of the 

rates of proton exchange at -20° of the compounds studied is given in 

Table XI. In the case of pentamethylben~ene and :!!•:xylene this rate 

was calculated only from the broadening of the C~ peak; for hexa-

methylbenzene from the broadening of the CH.CH
3 

peak and for me!itylen6 

the rate in the cas~ of durene was from both the CH and C~ peaks~ 

calculated only from the c~ signal. The reason why the CH peak was 

not used will be explained later. 

The rate increases in every case with increase in the concentration 

cf the hydrocarbon. The suggestion that this may be attributed to the 

effect of the increased concentration of fluorosulphate ion, resulting 

from the protonation of the hydrocarbon, is confirmed by the effect of 

added fluorosulphate ion in increasing the rate in the case of penta-

methylbenzene and the effect of added SbF5 in reducing the rate in the 
72 

cases of :mes.itylene, durene, hexamethylbenzene, and E:- xylene • In 

this respect these results differ substantially from those of Maclean 
20 

and Mackor who claim that the rate of proton exchange for hexamethyl-

benzene, durene, and prehnitene are independent cf the concentration of 

the BF3 in the HF/BF3 solvent and conclude that in these cases exchange 

occur-s by the intramolecular process (h.3). It was found in fact that 
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the addition of SbF5 to a solution of hexamethylbenzene in fluo:rosulnhuric 

~cid increases the lifetime of the conjug•te acid to such an extent that 

the CH peak does not broaden sufficiently, even at 25°, to enable ~ 

lifetime to be measured. 

Fer ~he compounds studied in this investigation these results 

clearly exclude the possibility that (4.3) is the only process by which 

exchange occurs. The solvent line broadens somewhat as the CH and CH2 

lines broaden with increasing temperature, especially when the con­

centration of base is appreciable. Results shown in Table XII 

illustrate this fact. Because of the high concentration of the !olvent 

ir.1. the solutions the amount of brcadening of the solvent peak is not 

great enough to enable exchange rates to be calculated, but nevertheless 

thes' results clearly indicate that exchange cannot occur only by nrocess 

(4.2) because this does not involve the ~olvent. In addition the 

concentr~tion of free base was very small (not detected by n.moro 

techniaues) which makes it unlikely that exchange via process (11. 2) 

could be fast enough to compete to arry appreciable extent with (h.l). 

It is therefore concluded that proton exchange occurs mainly via the 

solvent a1 ,though one cannot entirely rule out the possibility that there 

might be some exchange by (4.2) and (4.3) under suitable conditions. 



0 

TABLE VI 

LINE WIDTHS, RELAXATION TIMES, AND RATE CONSTANTS 
FOR SOLUTIONS OF MESITYLENE IN FLUOROSULPHURIC ACID 

Temp. C CH CH2 
i 

l/T2 l/T2 log.l/r ' l/T2 l/T2 
-1 -1 =l -1 sec sec sec sec 

Cone. of mesitylene 1.93 mole• 

-36.5 17.6 13.2 1.123 42.4 34.8 

-35 21.2 13.1 1.386 46.3 34.6 

-30 25.7 12.8 1.587 56.8 33.9 

-25 34.3 12.6 1.815 77.0 33.2 

-21.5 42.0 12.4 1.949 87.9 32.7 

Cone. of mesitylene 3.59 mole % 

-40 21.8 12.6 1.441 52.6 33.0 

-33.5 25.1 12.3 1.800 72.1 32.1 

-28.5 48.2 12.0 2.036 101.8 31.4 

-24.5 65.1 11.8 2.203 141.l 30.9 

Cone. of mesitylene 3.71 mole% 

-50 42.1 37.1 

-40 27.0 14.2 1.585 54.4 35.5 

-25 83.2 13.3 1~322 

log.l/t" 

o.962 

1.150 

1.440 

1.720 

1.821 

1.372 

1.780 

1.927 

2.120 

0.778 

1.3.56 
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TABLE VI (Contud.) 

0 

Temp. C CH CH2 i v 
1/T2 l/T2 log.1/7- 1/T2 1/T2 log.l/l-

~1 =l =l -1 sec sec sec sec 

Cone. of mesitylene 6.16 mole ~ 

~57 16.o 11.6 10126 Lto.5 37.8 0.511 

-45 26.4 11.0 1.665 66.6 35.8 1.567 

-35 65.3 10.5 2.216 149.5 34.3 2.141 

=20.5 153.3 9.9 2.634 

-12 262.0 9.6 2.879 

Cone. of mesitylene 5.79 mole~ (SbF
5 

4.29 mole~) 

-33 23.2 17.8 1.212 50.3 42o7 0.960 

=26 26.4 17.3 1.435 62.2 41.5 1.396 

-13 58.7 16.4 2.103 130.7 39.4 2.04o 

- 8 95.2 16.1 2.375 170.6 38.6 2.200 

4 185.3 15.4 2.707 
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TABLE VII 

LINE WIDTHS., RELAXATION TIMES AND RATE CONSTANTS 
FOR SOLUTIONS OF DURENE IN FLUOROSULPHURIC ACID 

Tempo C CH CH2 

l/Tu l/T2 log.lit-
u 

l/T2 l/T2 2 
=l =l =l -1 sec sec sec sec 

Conco of durene lal2 mole % 

-87.5 3406 30o7 o.888 

-82 48.l 2908 1.562 64. 7 60.1 

-7?.8 64o7 29o2 1.852 69.4 58.9 

-74 97o4 2806 2.139 86.4 57.7 

-72 8800 28.3 2.077 90.8 57.l 

~68.5 129.4 56.5 

-64.5 171.2 55.l 

Cone. of durene 1.74 mole% (SbF5 4.42 mole %) 

-80 58.4 29.3 1.743 

-77.5 62.2 29.0 1.798 68.2 62.5 

-75 76.o 28.6 1.957 71.0 61.1 

-70.5 105.6 28.0 2.175 85.l 59.8 

-64.5 134.5 27.2 2.318 101.,8 58.o 

-61 185.3 26.7 2.490 126.6 57.l 

-58.5 156.5 56.4 

-56 166.5 55.8 

92 

logolfr 

0.789 

1.151 

1.583 

1.652 

1.986 

2.190 

0.921 

1.119 

1.529 

1.766 

1.967 

2.125 

2.169 
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TABLE VII (Cont'd.) 

• Temp. C CH CH
2 

Q 

l/T2 l/T2 log.lit 
u 

l/T2 l/T2 log.l/'t' 
-1 -1 -1 -1 sec sec sec sec 

Cone. of durene 1.49 mole ~ (SbF5 9.04 mole %) 

-75 49.8 38.0 1.370 

-69.5 72.4 37.0 1.850 70.3 64.1 0.914 

-65 115.6 36.2 2.201 80.0 62.? 1.361 

-60.4 209.5 35.4 2.542 102.3 61.3 1.737 

-57 129.0 60.4 1.961 

-54.5 153.7 59.7 2.098 



TABIE VIII 

LINE WIDTHS, RELAXATION TIMES AND RA'HE CONSTANTS FOR 
SOLUTIONS OF HEXAMETHYLBENZENE IN FLUOROSULPHURIC ACID 

0 
Temp. 0 CH.CH3 

l/T~ l/T2 log.l/r 

eec-1 ~ec-1 

Cone. of hexamethylbenzene 2.74 mole% 

... 50 h6.2 4L..O 0.342 

-25 47.1 .39.6 o.879 

0 122.8 35.9 1.939 

Cone. of hexamethylbenzene 4.73 mole% 

-22 64.7 41.2 1.371 

-17 79.8 40.5 l.594 

-13 93.J 39.9 1.728 

-10 123.5 39.3 1.925 

- 4 175.o 38.5 2.135 

Cone. of hexamethylbenzene 5.67 mole % 

-30 51.8 41.6 1.010 

-25 63.8 4o.8 1.362 

-18.5 81.7 39.8 1.622 

-11 153.6 38.6 2.061 

Cone. of hexamethylbenzene a.21 mole % 
-43 45.7 40.5 0.715 
-36.5 55.8 39.5 1.212 

-34.5 63.6 39.1 1.389 
-31 76.2 38.5 1.577 
-27.5 98.6 38.0 1.783 
-25 lll.8 37.6 1.871 
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Temp. C 

TABLE IX 

LINE WIDTHS 9 RELAXATION TIMES AND RATE CONSTANTS FOR 
SOLUTIONS OF PENTAMETHYLBENZENE IN FLUOROSULPHURIC ACID 

l/T2 
=l 

sec 

log.l/t 

Cone. of pentamethylbenzene 4.01 mole % 

-40 47ol 36.9 1.312 

-30 61.6 36.1 1.692 

-25 72.9 35.2 1.877 

-16 lo6.2 34.o 2.159 

Cone. of pentamethylbenzene 2.82 mole % (KS0
3
F 3.39 mole %) 

-35 65.6 38.4 1.736 

~30.5 78.9 37.7 1.905 

-25 102.7 36.9 2.110 

-18 159.0 35.9 2.391 
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Tempo C 

TABLE X 

LINE WIDTHS 9 RELAXATION TIMES AND RATE CONSTANTS 
FOR SOLUTIONS OF fil=XYLENE IN FLUOROSULPHURIC ACID 

I 

l/T2 1/T2 
=l =l sec sec 

Conco of !!!-xylene 7.82 mole% (SbF
5 

llo35 mole%) 

-3lo5 41.5 35.8 

-23 5006 34o3 

-20 57.8 34.1 

-13 8206 33.1 

- 9 100.5 32.7 

- 7 119.4 32.4 

log.1/1" 

0.882 

1.332 

1.500 

1.819 

1.957 

2.076 
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TABLE XI 

RATE CONSTANTS FOR PROTON EXCHANGE AT -20° 

Base SbF.5 k 

(Mole ~) (Mole ~) -1 (sec ) 

Mesitylene 1.93 96.9 

3.59 243.1 

3.71 276.5 

6.16 843.0 

5.79 4o29 53.7 

Durene 1.12 1.06 x 105 

1.48 9.04 l.04 lC io4 

1.74 4.42 3.44 x 104 

Pentamethylbenzene 2.82• 200.0 

4.01 108.o 

Hexamethylbenzene 2.73 9.8 

4.73 27.5 

5.67 38,9 

8.21 154.9 

2.85 4.42 t 

m-xylene 7.82 ll.55 28,0 

• This solution also contained 3.39 mole ~ potassium 
fluorosulphate. 

't The rate of exchange was too slow to measure. 
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TABLE XII 

BROADENING OF THE SOLVENT LINE WITH INCREASING TEMPRRATURE 

Base 

Mesitylene 

Durene 

Hexamethyl-

benzene 

Cone. 
mole % 

3.58 

5.79 

(4.29 SbF5) 

1.34 

(4.42 SbF5) 

4.?J 

8.21 

Temp. 
o" v 

-n 
-24.5 

~26 

4 

-89 

-56 

-L.1 

... 4 

-69.5 

-25 

Solvent line width 
Co Po So 

2.2 

4.4 

h.6 

9.2 

4.0 

6.6 

3.2 

5.4 

1.8 

4.5 
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Figo 23 SOLUTIONS OF MESITYLENE IN FLUOROSULPHURIC ACITl: LINE WIDTHS OF CH AND C~ PEA.l\S. 
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(4) ACTIVATION EUERGIES 

The dependence of the rate of proton exch.:ange on the temperat.ur·e 

can be expreased by the Arrhenius equation 

k "" k e-E/RT 
0 

(4.8) 

Plots of log k ag,.im!t l/T are shown in Figa. 24-27 for aolutions of 

mesitylene, durene, hexamethylbenzene, pent~methylbenzene and 

~-xylene in fluoroaulphuric acid. For mesityl~ne (Fig. 24) it can be 

aeen that the rates obtained from the broadening of the CH and from the 

CH2 lines are the same within experimental error. 

confirmation of the values chosen for l/T2• 

This provides some 

Fig. 25 shows a similar plot for the base durene. Except in 

one case the lines are reasonably parallel. For durene it was found 

that the rate constant calculated from the CH line broadening was much 

greater than that obtained from the CH2 line broadening. This greater 

rate of exchange may not be due solely to the exchange of the 11methylenen 

protons but could be partly due to the rearrangement of the methyl group~. 

Durene and prehnitene are both laiown to rearrange to the more stable 1,2, 
20 

3,5-tetrlllTlethylbenzene • 

The results obtained from Figs. 2h-27 are summarised in Table 

XIII. It can be seen that, except for pentamethylbenzene, the 

activation energies fall in the range 13-15 kcals. and are much higher 

than the values obtained by Maclean and Mackor for HF/BF3 solutions 

which are in the range 7-8.5 kcals. This is possibly a reflection 

of the smaller basicity of the fluorosulphuric acid solvent system. 
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TABLE XIII 

ACTIVATION ENERGIF.s (E) AND FREQUENCY FACTORS (ko) 
FOR METHYLBENZENF.s IN FLUOROSULPHURIC ACID 

SbF5 Log ko 

101 

E 

(Mole%) (Mole~) (K cals/mole) 

Mesitylene 1.93 13.72 13.6 

3o59 13.9l. 13.3 

3.71 13.82 13.2 

6.16 14.38 13.8 

5.79 4.29 13.89 14.l 

Durene 1.12 17.92 14.9 

1.48 9.04 17.23 15.3 

1 .. 74 4.42 16.20 13.5 

Pentamethylbenzene 4.01 10.65 9.9 

2.82• 11.52 10.4 

Hexamethylbenzene 2.73 12.95 13.7 

4.73 13.42 13.9 

5.67 14.51 15.0 

8.21 15.60 15.5 

m.-xylene 7.82 11.55 13.72 14.2 

• This solution also contained 3.39 mole ~ potassium 
fluorosulphate. 
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(5) DISCUSSION 

Since there are some notable differences betwe~n the results of 

Mac.Lean and Mackor on solutions in HF and the results of thii5 

inveBtig~tian on fluorosulphuric acid solutions, some comments are made 

y,n their worko 
20 

Maclean and Mac#<or have calculated the r-a te of proton exchange 

for hex1.methylbenzene by comparing experimentally obh.i!led spectra with 

thecretical line shapes calculated from the Bloch equations including 

exchangeo The assumption was made that the proton cnly jumps between 

adjacent carbon atOl'llBX this presupposes the mechar.isre proposed. No 

reason was given for the choice of 2.2 c.p.s. for the line width of the 

methyl signals and the ortho methyl signal was assigned a width cf 4.4 

c.p.s. in order to account for the spin-!!!pin coupling JAc ~ !. c.p.s. 

This value for the ortho methyl signal •p?e•rs to be too large for two 

peaks separated by only1c.p.s.; nor is the assumption th•t •11 methyl 

peaks have the same width necessarily a good one. 
20 

The Dutch workers also state that "whether a proton exchange 

reaction is intra or intermolecular can in general not be conclusively 

determined from the shape of the spectra", yet later they say that the 

spectrum of a solution of hexa.methylbenzene in HF/BF3 at -Jo0 provides 

conclusive evidence that the exchange is intramclecular. It is 

remarkable that this spectrum recorded under conditions of rapid 

exchange shows spin-spin :splittings which are better resolved than the 
19 

supposed quartet for the C,!!.CH3 peak when exchange is extr,emely slow • 

They claim that the exchange processes for hexMmethylbenzene, durene~ 

and prehnitine are independent of concentration of base and of BF
3 

and 
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the ref ore exchange intra.molecul•r·ly. However reeults are auoted for 

only two different concentrations of hexamethylbenzene9 and only one 

concentration for each of the other two bases. In additicn durene ie 

reported as exchanging at nearly the same rate as hexamethylbenzene 
84 

even though it is a much weaker base • In the fluorosulphuric acid 

sy~tem, the exchange rate for durene is much faster than it is for 

hexamethylbenzene. In fact the rates calculated at -20° (Table XI) 

increase roughly l1l the same order as the baE:icit.ies of the bases 

decrease. 
20 

A noticeable feature of the spectra of MacLaan and Mackor is 

that in the cases where an intermolecular proces~ is proposed, free 

base is present, but in the cases where an intramolscular exchange is 

postulated there is no free base present. It seeme surprising that the 

bases were not examined under similar conditions. In the experiment3 

with HS03F under no conditione wae there any free baee preeent eugge~ting 

once again that HS03F is much more acidic than HF/BF3. The calculatione 

by MacLean and Mackor based on the acid line width must also be regarded 

with 3U3picion since the large fi1.. - Fl9 spin-spin coupling constant may 

have a considerable effect on the acid line width ever the temperature 

range studied. In the presence of appreciable quantities of free base 

it is conceivable that exchange process (4.2) may contribute to some 

extent but in the fluoroaulphuric a.cid system where the cor.centra.tion 

of base was very small all of the exchange must occur via process (4.1). 

In ccr.clusion it was found that for all the methylbenzene~ in 

fluorosulphuric acid the predominant exchange process is an inter= 

molecular one between the conjugate acid and the solvent. The high 
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.:i!tctivaition energies found for the pre.ton tr;1nsfer ::>!"ob1;tly :r"flect the 

low basicity of the solvent rather th.::in being tynic:~:L cf the CH2 group 

as suggested by MacLean and Mackor. rt is quite likely thDt eome of' 

the differences betw~en the two systems are due to differenc~s in the 

solvents~ but the methylbenzene~HF/EF3 system needs to be reinvestigated 

under more ·u.nif orm conditions. 



CHAPI'ER V 

PROTONATION OF OXYGEN BASES 

(1) INTRODUCTION 

Macy organic oxygen bases are known to be fully ionised in strong 
92 

acid solution. Gillespie and Leisten have reviewed the literature up 

to 19.51 which shows that ketones and most carbo:x:ylic acids behave as 

simple bases 

(5.1) 

in 100% sulphuric acid. It has been shown however that alcohols are 

esterified by sulphuric acid and that certain carbo:x:ylic acid ionise 

according to the equation 
+ + 

RCOOH + 2~8°4 --+RC • 0 + 2HS04 + H30 (5.2) 
93 

A review by Paul and Long , on Hammett acidity function determinations, 

lists the PK:BH+ values for a number of organic oxygen bases. Edward and 
26 

coworkers have used the changes produced in the n.m.r. spectra of 

alcohols and ethers upon protonation to measure pKBH+ for these bases. 

In no case did they observe an n.m.r. spectrum due to the captured 
24 

proton. MacLean and Macker were the first to observe the spectra 

o:f the conjugate acids of acetone, ethyl alcohol and wa·ter in solution 

in anhydrous hydrogen fluoride saturated with boron trifluoride .at -75°. 

109 
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(2) tIUCLEAR MAGNETIC RESONANCE SPECTRA OF OXYGEN BASES IN 
·~~~~~~~~~~~~~~~~~~~~~·~~~~ 

FLUOROSULPHURIC ACID 

ln view of the successful observation of the n.m.r. spect.ra cf the 

conjugate acids of amides and methylbenzenes in fluorc~ulphuric acid solution, 

a 5tudy of some oxygen bases was carried out in this solvent. 

Ke tones 

A eeries of para-substituted acetophenones were dissclved in fluorc~ 

sulphuric acid and the n.m.r. spectra of these solutions recorded at various 

t.emperatures. In all cases it was possible to observe the spectrum of the 

conjugate acid, although in the case of p-nitroacetophenone at -88° the ~oH+ 

peak had a width of 12.4 c.p.s. indicating that exchange was still oc~urring. 

For the ct.her acetophenones the =OH+ line width reached a w.ini.mum value above 

-38° indicating that exchange was extremely sl.ow. The chemi.:al shift!> 0.f 

the peaks i.n the n.m.r. spectra of the conjugate ac:ida of these bases ar6 

Tee:orded in Table XIV. A notable feature of these low tem.perati...re spectr..l 

ts the very large chemical '3hift of the captured proton from T.M.S. 

indicating a v~ry small shielding at this proton. No sp:l.r:.-spin couplir.g 

was observed between the c;;iptured proton and the methyl protons cf the 

ketone. 

The n.m.r. spectra of the phenyl region cf these bases is shovm in 

Fig. 28. This would be expected to be of the ~B2or ABCD type, but 

except for acetophenone and E,-fluoroacetophenone it apparently aporoximates 

to an AB quartet and shows a typical change in shape as the ratic '5/J 

cha...YJ.ges. One would expect that protonation of the c.arbonyl cxygen would 

lead to a.~ increased co~tribution from II with the result that the 

HO.C.CH3 group would become coplanar with the ring and an ABCD spe·::tnnn 
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would be expected. The apparent AB spectrum must be due to negligib:e 

cross ring spin-spin coupling with the result that t.here are tm_. AB 

quartet~ with the same chemical shifts. 

I II III 

to give a complicated pattern for the ring part of the !pectrum since there 

are three different groups of protons all of which can spin-spin i..71teraet 

(Fig. 28a). The ring portion of the spectrum of the ·~onjugate acid of 

£-fluoroacetophenon~ (Fig. 28b) is complicated due to 3pin-spin coupling 

of the ring protons with the para-fluorine which has a spin of ~. 

Fig. 28 and Table XIV illustrate the effect a change of ~mbsti tuent 

can have on the n.m.r. pattern produced by the aromatic protons and on the 
+ 

posi t.icn of the resonance due to the captured pro tori. The HO.C.CH3 would 

be expected to be strongly electron withdrawing at the ortho-Positions, 

whereas th~ OCH
3 

group is electron donating at ortho-positions~ thus in 

the conjugate acid of E,-methoxyacetophencne (III) the A protons have Qllite 

a different chemic•l shift from the B protons. As the substituent ~ 

to the ketone group is m~de less electron donating and becomes more electrcn 

wit.hdrawing, it competes more md more with the ketone group for the 

electron density of the ring, with the result th::.it the two A and the tw:> B 

protons become more and more equivai.lent.. In E-nitroacetophe~one the 

che:mical shifts of the A and B protons are 91lmost the sa.me, ir:dicati:ng 
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that the electron withdrawing powers of the N02 and HO.C.cH3 groups are 

comparable. 

When the para substituent is strongly electron donating, eg. 

OCH3, the -OH+ peak ie at higher field than when there ie a 21trongly 
94 

Stewart and Yates electron attracting group in the ~ position eg. No2• 

have measured the pKB~ values for a number of eubstituted acetophenonee 

and attempted to correlate pKBH+ with ~ 1 the Hammett eubetituent 

conet111t. The subetituente which gave negative deviations from their plot 

were all para substituente which can donate electrons by resonance. A 
+ Cf value has been developed for these eubstituents where a positive 

95 
charge is developed in conjugation with the group • A plot of pKBH+ 

againstCJ+ gave a good correlation for the substituted acetophenones except 

It is thought that al though the para-OCH- group ie etror..gly 
- j 

electron donating by resonance, it is not quite as strong as the <5+ value 

predicts presumably because of strong hydrogen bonding with the solvent. 

In Table XV and Figs. 29, 30 the chemical shifts obtained for the captured 
+ 

proton of the conjugate acids are compared with the PKBH+ and CS values 
94 

given by Stewart and Yates • Fig. 29 shows that there is a good 

correlation between chemical ehift and the PICaJt" for the conjugate •cide g 

likewise there is a good correlation between the chemical shift and the 

~+ value (Fig. 30) for the E,-eubstituent except for the £-OCH3 group. 

N.m.r. spectra of the conjugate acids of acetone and benzophenone 

have also been obtained and the chemical ehifte are given in Tables XVI and 

XVII. The spectra of the conjugate acid of acetone will be discueeed in 

Chapter VII •. In a solution of benzophenone in an Sb5 /HS0
3
F mixture the 
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resonimce due to 'the captured proton is clearly viaitle ~t 25° although 

+ 
exchange is sti.11 occurring (the =OH peak becomes .sharper en lowering the 

temperature). The chemical shifts reported in Table X"VII are rel~tive 

to the ~olvent.. An attempt was made to u8e methanesulphonylfluoride as 

an internal reference, but as the temper&t.ure was 1cwered an 1.ddi ti.onal 

methyl doublet appeared which moYed away from the original CH3so2F doublet. 

It seem.!! likely that some of the ur-eference" i::i coordin~t.ing with the SbF5 

thus giving rise to two doublets. 

probably not a reli•ble refer~mce. 

Ethll Alcohol mid Water 

The chemical shifts obh.ined for solutions of ethyl "lcohol and 

water are given in Table XVI. 

It can be seen that protonation of ethyl alcohol results in a ~hift 

of all the peaks to lower field~ this is caused by withdr;.w~l of electr0r. 

density from the molecule to counteract the posi ti v·e c.harge p ·aced .a.t the 

site cf proton~tion. By cooling the ~elution to low temperature the 

spectru.m of the conjugate acid was obta:ir..ed. The areae of the t-hree peaks 

observed at. -95° were in the ratio l. 75: 1.89; 3.00 indicatir<g that the 

extra protcn was ath.ched to the oxyger! .:item. There was no evidence which 

suggested that any ethyl fluoride had been formed by the reaction 

(5.J) 

Formation of ethyl fluoride would result in a spectrum conb,ining cnJ..y 

two peaks i.e. CH3 ;ind CH2 in ;ddition to th(') solvent line HS03F· + H2so4• 
·t 

It was not possible to observe any fine .5tructure i• the OH? ~ in HF/BF
3 24 -

solution it h~s be~n observed as a triplet due to coupling with the 

methylene protons. The chemical shift between the CF12 and CH3 peak.5 is 
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found to be increased considerably in the conjugate acid spectrum compared 

to the u.~protonated form. 
26 

This fact has been used by Edward and co~ 

workers to measure the pKmr· for this and other bases containing ethyl 

groups attached to the basic attom. 

L"1 a 5olution of water in HS03F 1 or in SbF 5/HSo3F 1 it was not. 

possible to detect a peak due to H35. A possible reason for this could 

be hydrolyl:li!'I according to (5 •. 4) 

(5.4) 

and rapid exchange of the HF amd ~SOU protons with the ~olvent. 
96 

Senior h•s shown th~t the equilibrium (5.h) lies far to the left .1nd 

that, protonation is the only t!lignificant re•ction. MacLean and Macker 

0 + observed a peak which they att.ributed to n3o which occurs at elightly 

+ lower field (0.57 p.p.m.) thar.l the peak due too~ in proton~ted ethyl 

24 

alcohol. Addition of this shift (0.5'7 p.p.m.) to the value found for OH; 

in HS03F solutions a.t -95° gives a value for the expected chemical shift 

+ 
of H30 in BS03F solutions of about -10.5 p.p.m. which is very close to 

the observed value for the cheimical shift of the HS03F protons at -9S0
• 

In viewof the fact that the sc.lvent peak i3 invariably bread at these 

temperatures it seems reasonable to 5Uppo$e that the peak due to H".lO+ ia _, 

overlapped by the solvent line: and is therefore not observed. 

Other Oxzg~n Ba3es 

Solutions of dimethyl:rnlpho:x:ide in fluorosulphuric acid have only 

one pe•k in their n.m.r. epectra at 25°. Upon lowering the temperature 

a new pe•k appears, at -7.08 p.p.m. from T.M.S. (Table XVI), which is 

quite sharp at -98° indicating th•t. at thie temperature exch•nge i~ elow. 

The relative areas of the two peaks w~re found to be o.67~ 6.00e the 
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reason for the unexpectedly high ratio is unlmown. The absence of any 

spin-spin coupling in the me,thyl signal and the chemical shift of the 

captured proton, indicates that protonation occurs on oxygen rather than 

on sulphur. A proton on sulphur would be expected to give a signal at 

cf < -5.5 p.p.m. from T .H.S. (see Chapter III) which would have a 

quartet structure as a consequence of spin-spin coupling with the CH3 

protons since they would be separated by only three bonds. 

The resonance due to the proton captured by benzoic acid in an 

SbF5/HS0
3
F solution was observed at low temperatures. In addition to 

the peaks arising from the phenyl protons only one other peak was visible 

in the spectrum, apart from the solvent. This peak was located in the 

same region of the spectrum as the =OH+ peaks in the spectra of protonated 

ketones (Tables XV-XVII) and ca.n therefore be.attributed to a proton 

attached to the carbonyl oxygen, rather than to protonation of the OH 

+ oxygen to -g-oH2 • This latter structure might be expected to give a 
+ 

signal in the same region of the spectrum as the O~ of protonated ethyl 

alcohol i.e. -10 p.p.m. from T.M.S. or +1.5 p.p.m. from HS0
3
F. Protonation 

of the carbonyl oxygen would give rise to an ion with the resonance 

structures IV-VII in which tbe two OH groups are equivalent. 

+ 

Q Q +Q Q 
/fc, A, ,,,c.. /c'-

-+0 o o' b+ o b o o 
I I I I I I I I 
H H HH HH H H 

IV v 17! vn 
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Stewart and Yates have found a close correlation between the basicities 

of a number of benzoic acids and their acetophenone analogues which also 

indicates that the carbonyl oxygen is the site of protonation in benzoic 

acids. It was confirmed that protonation is on oxygen by measuring the 

relative areas of the peaks which were found to be in the ratio 2.0: 

4D96o Only the chemical shifts of the more prominent phenyl peaks are 

given in Table XVII since the pattern::; are complex. 

The spectrum of nitromesitylene in cc14 consists of a single 

line A due to the phenyl and t.wo overlapping lines B, C due to the £.!'t!?-2 

and £ar~ methyl groupso In a strongly acidic soluti8n, at low 

temperatures, a new peak D appears at -4 0 07 p.p.m. from the solventg 

the relative areas were founc to be D: A: B + C: ~ o.95: 1.81: 9.oo. 

The chemical shift between the nonequivalent methyl groups increases froM 

3.2 c.p.s. in cc14 to 13.2 c.p.s. in the acid solution. 'Ihe cibsence of 

any peaks in the 11nethylenell region of the spectrum, which ~·muld be 

produced by protonation of the aromatic ring (Chapter IV), the area 

~easurements and the fact that the new peak appears in the position now 

+ well established for an =OH proton (Tables XV-XVII), indicate that 

protonation takes place on eine of the oxygen atoms of the nitro group. 
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TABLE XIV 

CHEMICAL SHIFTS OF THE CONJUGATE ACIDS OF PARA .. SUBSTITlITED ACETOPHENO:NES 

p-subst. 

002 

Cl 

H 

F 

CH3 
OCH3 

p-substo 

N02 

Cl 

H 

F 

Tempo 
OH+ 

=-cS (E•Eomo) from ext. Tali!..§.:. Oc HS03F Phenyl OC0CH3 

-84 JS.33 ll .• 32 8087 3066 

-79 13.52 11 .• 16 8067 a.53 1.95 1.82 3.42 

-82 13046 

-71 13.34 11 .• 14 8077 7o76 7o63 7o51 3.44 

-46 12.85 11 .• 04 8.63 8.49 7.83 7.70 3.37 

-81 12.46 11.26 8.85 8.72 7.61 7.48 3.34 

TABLE XV 

CHEMICAL SHIFTS OF OH+, pKBH+, AND 6 + VAL\IBS FOR 

PARA-SUBSTITUTED ACETOPHENONES 

• 6 P•Jl•m• -pKBH+ 
+ 

6 of -OH 

15.33 7.94 +o.79 

13.52 6.52 +o.JJ.4 

13.46 6.15 :).()() 

13.34 6.o6 -0.073 

12.8.5 5.47 -0.371 

12.46 4.81 -0.778 

·-~ 

x 

2.74 

4.38 

·---·-
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TABLE XVI -----
CHEMICAL SHI~"'TS OF THE: CONJUGATE ACIDS OF SOl".IE OXYGEN BASES ------------ --

-.-..,,..,.,4' .......... ....-~-· ---
Base Solvent Temp. - 9(p.p.m.) from ext. T.M.s. 

oG OH HS03F C~ CH.3 
........., __ ~-~-.~~,~~~---

Acetone CDCl3 25 2.17 

SbF5/HS03F 25: 14.4.5 3.25 

Ethyl CDCl3 25: 2.58 - 3.70 1.22 
alcohol 

HS03F 25: 10.92 4.95 1.83 

8"' - c. 10.35 n.65 4.83 1. 72 

-95: 9.89 11.78 (32) 4.85 1. 74 

Dimethyl CDCl3 25: 2.62 
sulpho:xide 

HS03F -9€1 7.08 ll.37 3.31 

Water 25: 5.20 -
SbF5/HS03F -8CI ll.24 (14) 

-90 ll.3 (136) 

The figures in ( ) denote the line width. 
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TABLE XVII 

CHEMICAL SHIFI'S OF THE CONJUGATE ACIDS OF SOME OXYGEN BASES 

Base Solvent Temp. 
OC 

c((p.p.mJ from the solvent 
OH phenyl CH3 

Benzo~ SbF5/HS03F 25 -1.80 2.09 2.20 2.33 2.46 
phenone 

0 -1. 75 2.20 2.31 2.46 2.57 

-26 -1.72 2.30 2.41 2.55 2.67 

Benzoic SbF5/HS03F 9 -1 • .56 1.59 2.04 2.42 
acid 

-4 -1.59 2.14 2.47 

-15.5 -1.39 2.42 2.82 

Nitro- SbF5/HSOJF ~.9; -4.07 3.21 7 .92 8.Ui 
mesitylene 
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(3) RATES OF PROTON EXCHANGE AND AQ!~AT_~~~GIE~ 

Raising the temperature of solutions of thes~ oxygen bases in 

HS03F results in a broadening of the =OH+ peak due to a decrease in the 

lifetime of the conjugate acid. Since there is no overlapping of the 

=OH+ and the solvent peaks the conditions for slow exchange may be 

applied and equatioa (3.3) may· be used to calculate the rate of proton 

exchange. Values for l/T2, the line width in the absence of exchange, 

were obtained for benzophenone and benzoic acid by the same method as 

used in Chapter IV for the methylbenzene exchange studies. For solutions 

of acetophenones in HS03F the following method was used to obtain liT2 

which eliminates the uncertainty of the '7_/T correction applied in 
8 

Chapter IV. Charman, Vinard, and Kreevoy , during the course of a study 

on the rates of proton abstraction from monosubatituted acetylenes, 
3 

developed , from the Bloch equations as generalised by McConnell , an 

expression which relates the rate of proton exchange to peak heights (5.5) 

1 
~ 

00 • v -v 
V.T2. 

where v°" is the height of the peak in the absence of exchange and V the 

height at an exchange rate 1~ • Since l/T~ in equation (3.3) and 7~ 

and V in equation (5.5) are all measurable quantities there are only two 

unknowns, l/~ and 1/T2, for any particular temperature~ since there 

are two equations (3.3) and (5.5) relating these quantities, the 

relaxation time for a particular temperature can be calculated and hence 

the rate of exchange at that temperature. From the results of these 

studies activation energies were calculated by means of the Arrhenius 

equation (4.6). 
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Table XVIII gives the measured line widths at various temperatures, 

as well as the calculated ra·te of proton loss from the conjugate acids of 

benzophenone and benzoic acid. In Fig. 31 a plot of log k against l/T 

gives a straight line for the conjugate acid of benzophenone, but a similar 

plot for the conjugate acid of benzoic acid shows deviations from a straight 

line which are much greater than the experimental error. The reason for 

this is unknown. The plot suggests that there are two exchange processes 

operating, but protonation at either the C-0 oxygen or the COH oxygen would 

result in equivalence of the two protons and only one exchange process 

should be observed. 

Data for the acetophenones is given in Table XIX. The values 

obtained for l/T2 for p_-nitroacetophenone could not be obtained using 

equations (J.J) and (5.5) because it was not possible to stop the exchange 

process completely for this base and hence V 
00 

was not obtainable. The 

value for l/T2 at the lowest temperature at which a line width was 

recorded (-88°) was taken fr-om an experiment in which E,-methylacetophenone 

was used as the base and where exchange at -880 was negligible and 

therefore (3.3) reduces to l/T~ • l/T2• Plots of log k against l/T 

(Fig. 32) for these acetophenones give reasonable straight lines from 

which the activation energies and frequency factors were obtained. These 

values are given in Table XX. It is seen that the activation energies 

fall in the range 11-12 k.cals. except for £-nitroacetophenone which was 

7.7 k.cals. Whether or not this large difference between E~nitro­

acetophenone and the other ketones studied is real, or is due to the 

choice of an incorrect value for T2, could perhaps be answered by carrying 

out a comparable investigation in a solvent which is mere aoidic than 
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HS03F so that proton exchang1!I by the conjugate acid of }!~nitrc.acetcphenone 

could be stopped completely. The small di.ff erences in the acth .. s.tion 

energies for the other bases are not considered to be significant. 

It was hoped to obtain a correlation between the rates of proton 

loss and pKBW and t::S + values for these bases. However it can be seen 

(Fig. 3:2 and Table XX) that although there is a general tr~nd cf increasing 

rate of proton exchange with decreasing basicity, the conjugate acids of 

acetophenone and .E,-methoxyac~tophenone exchange faster than would be 
94 

expected from their published basicities • Differences in the con-

centrations of the bases may partly account for this. In the case of 

E_-metho:icyacetophenone the calculated rate may not be correct eince the 

conditions for slow exchange may not apply as the -OH+ peak is much closer 

to the solvent peak than it :is for the other bases studied (Table XV), and 

when exchange beco~s apprec:iable some merging cf the c:QH+ and the solvent 

lines is apparent. Under these conditions the assumption of the slow 

exchange condition (3.3) may not strictly apply and a more detailed 

calculation may be necessary .. Use of another aci.di.c solvent, where the 

acid protons are further remclved from the ~H+ resonance to ensure that 

conditions for slow exchange appl:ied in all cases, might giv-e a better 

cor:r.-elation between the rate of exchange and pKBlF• 
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TABLE XVIII 

LINE WIDTHS AND EXCHANGE RATES FOR BENZOPHENONE AND BENZOIC ACID SOLUTIONS 

l/T~ sec-1 log l/~ l/Tx 103 

~zophenon!, 

17 .. 6 0.539 3.85h 

27.6 1.016 3.663 

39.0 1.395 3 • .546 

45 .. 9 1 • .501 3.L.72 

59 .. 4 1.656 3.407 

75.7 1.789 J.356 

Benzoic acid 
~--

16 .. 7 o.643 3.718 

34 .. 6 1.348 3.677 

81.l 1.838 3.617 

99.9 1.943 J • .584 

127 • .5 2.o62 3 • .546 
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TABLE XIX 

LINE WIDTHS 2 RELAXATION TIMES i AND EXCHANGE RATES FOR PARA-
SUB.5'TITUTED ACETOPHENONES JN FWOROSULPHURIC ACID ~ 

1/T~ ::>ec-1 l/T2 sec-1 log l/t l/Tx io3 

E:'~!!oac~~henon,;:. 

39.0 18.2 1.319 5.4o5 

44.l 18.o l.hl.5 5.361 

50.5 17.8 l.5lh 5.291 

72.8 17.3 1.737 5.155 

p-chlo:roacetophe~ 

24.2 15.2 0.952 4.785 

.31.l 14.9 l.209 4.673 

33.5 14.4 1.282 4.640 

41.9 lh.4 1.440 4.587 

57.4 13.5 1.643 4.505 

.!£.~~~ 

18.9 9.8 0.961 4.919 

22.8 9.1 l.138 4.847 

35.3 7.6 1.443 4.708 

45.a 1.1 1.,581 4.669 

61.s 1.0 l.736 4.583 

;e.-flu~E~cet_ophenone 

20.8 14.7 0.185 4.728 

26.1 15.l 1.041 4.651 
30.0 14.5 l.191 4.598 

44.4 14.2 1.h80 4.505 

67.4 13.6 1.731 4.405 
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TABLE XIX (Contd.) 

l/T~ sec-1 l/T2 sec-1. log l/t- l/Tx lo3 

E:_m.ethylaceto_pheno!!!, 

16.2 13.3 o.468 4.831 

21.1 12.1 0.936 4.684 

26.4 10.8 1.193 4.566 

36.2 9.9 1.418 4.484 

h9.h 9.3 1.603 4.405 

68.8 7.5 1.789 4.329 

E:"~tho~cetoEhenone 

1.4.2 9.4 0.682 4.831 

18.4 9.0 0.970 4.747 

22.4 8 • .5 l.J..42 4.678 

32.5 7.6 l.J96 4.574 

49.0 6 • .5 1.629 4.46h 



TABIB XX 

RATE DATA FOR SOLUTIONS OF KETONES IN FLUOROSULPHURIC AClD 

Base 

p-nitro-
acetophenone 

p-chloro-
acetophenone 

acetophenone 

p-fluoro-
acetophenone 

p-methyl-
acetophenone 

p-methoxy-
acetaphenone 

benzophenone 

Cone. :a; 
mole % k.cals./ 

mole 

3.28 7.6 

2.93 ll.4 

3.36 11.1 

2.9h 12.9 

3.22 11.4 

3.10 11.6 

3.1.s ll.2 

log k0 

10.89 

12.89 

12.64 

14.14 

12.57 

12.97 

14.97 

log k 
(-600) 

3.10 

1.17 

1.49 

0.90 

o.87 

1.08 

71194 

6 • .52 

6.15 

6.06 

5.47 

4.81 

(,./t, 
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CHAPTER VI 

PROTONATION OF NITROGEN, PHOSPHORUS, AND ARSENIC BASES 

(1) INTRODUCTION 

N.m.r. techniques have been used to study the protolysis of methyl-
9,10 

ammonium ions in aqueous solu·tion. Grunwald and coworkers have 

obtained quantitative information about the rate and mechanil!lm of proton 

transfer, between the solvent water molecules and the methylammonium ions. 

They followed the collapse of the structure of the methyl peak, due to 

spin-spin coupling with the captured proton, with increasing pH, and all!lo 
11,98,99 

the broadening of the water l.ine. Other workers have carried out 
12 

similar studies. Connor and Loewenstein have used n.m.r. methods to 

+ measure the activation energi·&S of proton transfer in solutions of NH4 and 
100 101 

CH31mj in water. Jardetzky and Jardetzky , and Bovey and Tiers have 

examined the proton spectra o.f amino acids in acid solution and obtained 

information on their structures. 

In this investigation the solvents used are much more acidic than 

those mentioned above, and in order that exchange processes could be 

studied much weaker bases had to be used. These bases were mostly sub-

stituted anilines of the type used in the measurement of the Hammett 

acidity function by the spect·rophotometric method. By varying the number 

and types of subetituents in the aromatic ring and on the nitrogen, a 

large variation in pKBH+ can be obtained. 

131 
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The prot.onation of this type of base has been r.elatively little 
14 

studied by n.m.r. methods. Isobe et al. have examined a!'..iline 1'"~ 

glacial acetic acid and observed that the phenyl spectrum, whin.h is 

complex in an organic solvent, collapses to a single line on protonation. 
15 

Reynolds and Schaefer recently measured the exchange rate and activation 

energy of exchange for N,N-dimffthylaniline in trifluoracetic acid solution, 

by obsf;rv·atioa of the collapse with increasing temperature of the methyl 

doublet, produced by spin-spin coupling with the captured proton. 
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(2) PROTONATION OF NITROGEN BASES 

Anilines 

Most of the anilines studied have been shown by means of cryo­

scopic st.udies to ionise by adding a single proton in 100% sulphuric 

acid, e-;;en 2,4,6-trinitroaniline which has a pKBH+ 111 -9.41, is extensively 

prot.onated in 100% sulphuric acid. Although a base may be effectively 

100% protonated in solution, the lifetime of the conjugate acid may not be 

+ sufficient for its n.m.r. spectrum to be recorded. For example, the NH3 

peak of the conjugate acid of p-nitroaniline (p~H+ +0.99) is not 

visible in solution in trifluoracetic acid (H0 -3.0) although the 

concentration of the protonated form is aporoximately io4 times greater 

than the concentration of the unprotonated form. This phenomenon has 

also been found for other types of base, but at a sufficiently low 

temperature the exchange process is slowed down enough so that it is 

possible to observe the spectrum of the conjugate acid. 

In the case of the substituted anilines it is also found that the 

exchange rate can be changed ·by altering the acidity of the medium. 

p-nitrcaniline was the strongest base used in this study, and it was found 

to exchange rapidly with the solvent in cF3cooH and in 40 mole % ~S04/~0 

solutions. By adding sulphuric acid to both these solutions proton 

E:x:change is slowed down and the spectrum of the conjugate acid can be 

obtained. For weaker bases .it is necessary to increase the acidity of 

the solution accordingly in order to record the conjugate acid spectrum. 

N.m.r. spectra have been reco:rded for solution~ in mixturee of H20/H2so4, 

CF 3cooH/~so4, CH3No2/~so4, .:md HS03F /~S°L, and the chemical shifts are 

recorded in Tablee XXI-XXXIII, Corrections for the bulk diamagnetic 
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sus::;eptibilities of the solution and the external reference were made in 

all cases. 

The rate of proton eJ~change was followed in a general way by 

observation of the reappearance of the peak due to the protons attached 

to nitrogen. Protonation of the nitrogen bases results in the disap-

pearance of the NH signal as a consequence of rapid exchange with the 

solvent and it reappears only when the rate of exchange becomes slower 

than the inverse of the separation of the two exchangeable sites. As 

the exchange process becomes slower the chemical shift between the two 

exchanging sites becomes greater. When the rate of exchange is 

negligible any further increase in the acidity produces no change in the 

chemical 3hift between the two sites other than that due to a solvent 

effect. This is illustrated in Fig. 33 where the chemical shifts of the 

protons a.ttached to nitrogen are plotted against mole % ~so4 (or HS03F). 

Detection of a signal due to a proton on nitrogen is often difficult due 

to the fact that the proton signal is frequently very broad aa a result 
75,103 

of interaction with the quadrupole moment of the nitrogen nucleus • 

In addition the signal is also somewhat broadened by the exchange proce.ss 

and becomes sharper as the exchange is slowed down. ~.n attempt is made 

in a later chapter (VII) to correlate the appearance of the NH peak with 

the H0 of the solution. 

For N-methyl substituted amines it is possible to follow the 

proton transfer by observation of the structure of the CH3 peak. For 

example, N-m.ethyl-4-chloro-2-·nitroaniline, in an organic solvent, shows 

a doublet structure for the CH
3 

resonance. Upon dissolving the base in 

CF3COOH protonation occurs and the doublet structure collapses to a single 
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line. This broadens as the concentration of ~S°4 is increas8d and 

eventually becomes a triplet due to spin-spin coupling with the NH2 protons 

when exchange becomes neglig:lble. The spin-spin coupling constant 

between the CH3 and NH protons is usually of the order of 5 c.p.s. The 

relation between the structure of the cH3 group resonance in the spectra 

of N-methylanilines and the acidity of the :solution is discussed in 

Chapter VII. 

From Tables XXI-:XXXIII it is seen that protonation of the base 

results in all the peaks in the spectrum being shifted to lower field. 

This is the result of the positive charge on the nitrogen atom which 

reduces the shielding at the other hydrogen atoms by varying amounts. 

The effect is most noticeable for the protons of the aromatic ring. The 

chemical shifts of the ortho and para protons are most affected by proton­

ation, as a result of conjugation in the aromatic ring, and the shifts of 

the meta protons the least. This results in a partial collapse of the 

phenyl part of the spectrum, although in no case was a complete collapse 
14 

to a single line observed as found previously for aniline • No attempt 

has been made to analyse the phenyl portion of these spectra in order to 

obtain chemical shifts and spin-spin coupling constants. 

Pyridine 
13 

The protonation of pyridine has been investigated by Isobe et al. 

who found that it was protona.ted in acetic acid but that there was rapid 
16 

exchange occurring. Smith a.m Schneider have studied pyridine in tri~ 

fluoracetic acid and observed a triplet due to the proton captured by the 

nitrogen. The triplet structure is the result of spin-spin coupling 

between the captured proton and the nitrogen. The quadrupole moment of 
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the nitrogen nucleus is apparently not too effective in relaxing the Nlh 

-H spin-spin coupling which suggests that the nitrogen is in a fairly 

symmetrical environment. 
103 

and others • 

Thie phenomenon has been discussed by Roberts 

The resonance due to the N~ proton was found by Smith and 
16 

Schneider , and also in this investigation, to occur at very low field 
16 

for a proton attached to nitrogen. This low value has beer, compared 

75 

with that of the NH proton irt pyrrole, a correction for the ring current 

effect ma.de, and the electron density around the pyridinium ion 

calculated from this and the chemical shifts of the other ring prctons. 

These workers suggest that the broadening of the f3 and "t protons on 

protonation is the reisult of a slow proton exchange between the NH+ proton 

and the solvent. 

The n.m.r. spectrum cf pyridine in a number of solvents having 

widely different acidities wa.s recorded and the chemical shifts of the 

more prominent peaks are given in Table XXXIV. On going from trU'luor­

acetic acid (H0 -J.O) to the much stronger fluoroeulphuric acid (H0 -1).8) 

the resonance of the ~ proton is ~hifted 1.45 p.p.m. to higher field, 

and the N14 -H spin-spin coupling remains unchanged at 67! l c.p.s. 

Fig. 34 shows the ring part of the spectrum in solutions of differing 

acidity; the signal from the /3 protons is relatively little changed 

in the different sol ventB whereae; the signals from the °' and ~ 

protons move together. These facts do not appear to be in accord with 
16 

Smith and Schneider 1B explanation of a slow proton exchange as the 

cause of the increased width of the /3 and 'tf peaks on protonation. Any 

slow exchange would surely be completely stopped by increasing the H
0 
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from -3.0 to -13.8 but in spj_te of this the J3and "/{proton paaks rer.iain 

broad. Furthermore JN-H re:111ains unchanged with increasing acidl ty. It 

seexns clear that the broadnef!S of the /3 and '(peaks in the ion is not 

due to any residual exchange,. but may either be oue to the overlapping 

of a large number of resonance lines which cannot be resolved, er to the 

nuclear quadrupole relaxation of the N14 nucleus operating at positions 

in the molecule several bonds removed from the nitrogen nucleus. A 

spin~spin deccupling experimEmt in which the proton l!lpectrum it!! obl!lerved 

while the nitrogen nucleus is being irradiated with a strong radio­

freq uency ni.agnetic field which causes frequent transitions of the states 

of the NJ.4 nucleus thus effectively decoupling it from the rest of the 

system, might enable this problem to be solved. It might also be 

possible to achieve spin-spin decoupling by observing the proton spectrum 

of pyridine in HSo3F solution at low temperatures (-85°) since this was 

achieved in the case of acetamide (Chapter III). 
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TABLE XXI 

CHEM:ICA~ SHIFTS OF p-NITROANILINE m H20/H2S04 SOL~ 

Chemical ~hift 4 (p.p.m.) from ext. H2so4 ref. 
Solvent NH3 Phenyl 

76.63 -o • .59 2.17 2.03 2.17 2.77 2.93 

75.45 -0.61 2.32 2.ph 2.1.? 2.78 2.92 

62.30 -0.67 2.14 1.99 2.lh 2.73 2.88 

48.18 -0.38 1.96 1.96 2.10 2.68 2.83 

40.66 0.02 1.96 2.11 2.68 2.83 

38.60 0.15 1.96 2.12 2.68 2.82 

30.96 0.77 1.95 2.11 2.66 2.79 

28.30 1.03 1.95 2.09 2.6.5 2.80 

Cone. of base 1.1 mole % 
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TABLE XXII 

CHEMICAL SHIFTS OF p-NITROANILINE IN CF3CCX>Ii/H2S°h, SOLUT~ONS 

Mole% Chemical shift +&"(p.p.m~ from ext. H2S04 ref. 
H2S04 solvent NH3 phenyl 

100.00 o.o 2.51 2.10 2.25 2.85 3.00 

78.97 -0.13 2.45 2.16 2.31 2.89 3.04 

44.77 -0.30 2.34 2.23 2.37 2.90 3.05 

30.28 -0.37 2.26 2.26 2.40 2.91 3.06 

25.98 -0.38 2.25 2.29 2.4h 2.92 3.10 

17.46 -0.44 2.16 2.31 2.45 2.96 J.ll 

14.80 -o.48 2.16 2.31.i 2.48 2.97 3.11 

13.81 -0.49 2.10 2.31 2.46 2.94 J.09 

12.37 -0.51 2.08 2.30 2.48 2.96 J.ll 

l0.95 -0.53 2.05 2.32 2.47 2.96 3.n 
8.19 -0.55 2.03 2.33 2.48 2.97 3.12 

5.92 -0.59 2.00 2.35 2.49 2.97 J.12 

4.74 -o.56 1.99 2.39 2.54 3.02 3.17 

4.38 -0.61 1.96 2.37 2.52 3.00 3.15 

2.27 -o.6.5 1.87 2.38 2.53 3.01 3.16 

o.oo -0.65 2.35 2.50 3.02 3.17 

Cone. of base 1.8 mole % 



TABLE XXIII 

CHEMICAL SHIFTS OF p-?UTROANILINE IN CH3N02/H2S04 SOLUTIONS 

100.00 

87.37 

81.40 

76.81 

66.36 

55.05 

46.56 

41.89 

37.21 

29.47 

23.54 

17.70 

17.46 

13.90 

9.14 

8.46 

o.oo 

Chemical shift 
+ !'Solvent NH3 

-0.02 2 • .50 

-0.22 2.38 

-0.30 2.35 

-0.37 2.31 

-0.38 2.30 

-0.41 2.29 

-0.40 2.26 

-0.34 2.25 

-0.26 2.22 

-0.19 2.20 

-0.17 2.ll 

-0.12 2.14 

-0.09 2.12 

-0.03 2.03 

-0.ll 

-0.10 

Cone. of ba3e 1.2 mole % 

6/p.p.m.) from ext. ~S(\ ref. 
phenyl CH3N02 

~?.10 2.25 2.85 3.00 

~~.08 2.22 2.81 2.95 6.16 

~~.07 2.22 2.80 2.95 6.17 

~?.07 2.21 2.78 2.92 6.16 

~?.07 2.26 2.76 2.90 6.38 

') 14 '·. 2.29 2.79 2.94 6.19 

~~.15 2.26 2.80 2.94 6.21 

~!.15 2.29 2.78 2.92 6.23 

~?.17 2.32 2.80 2.95 6.27 

~?.20 2.35 2.81 2.97 6.32 

~?.18 2.33 2.79 2.93 6.35 

~!.22 2.37 2.83 2.98 6.35 

~~.23 2.38 2.83 2.98 6.35 

~·.23 2.38 2.83 2.98 6.43 

~'..26 2.42 2.86 3.01 6~38 

~·.26 2.u1 2.86 3.00 6.h4 

2'. 72 2.87 h.03 h.16 6.45 

140 
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TABLE :XXIV 

CHEMICAL SHIFTS OF 4-CJlli)RQ.a2-NITROANILillE IN .c~COOH/~so.!±. SOLUTIONS 

Mole % Chemical shift,.. O(p.p.m.) from ext. H2so4 ref. 
~so4 Solvent NH3 phenyl 

100.00 o.o 2.o6 2.21 2.64 2.80 2.95 3.08 

71.74 -0.13 1.98 2.28 2.71 2.82 2.95 3.06 

66.25 -0.17 1.97 2.30 2.70 2.86 2.94 3.09 

37.96 -0.29 1.87 2.36 2.77 2.95 3.12 

24.52 -0.39 1.81 2.41 2.97 

21.10 -0.42 1.82 2.41 2.98 

18.15 -0.46 1.76 2.43 2.99 

12.08 -0.52 1.65 2.45 3.00 

o.oo -o.60 2.52 3.11 

4.31 2.44 3.35 J.51 J.76 3.91 

Cone. of base 1.5 mole % 
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TABIE XXV 

CHEMICAL SHJFTS OF 2-CHWR0-4-NITROANILINE IN CF fOOH/~SC\ ~OLUT~ 

Mole % Chemical shifti c5(p.p.mJ from ext. H2so4 ref. 
H2S°4 solvent NH3 phenyl 

100.00 o.o 2.33 2.13 2.32 2.73 2.88 

74.48 -0.lh 2.26 2.20 2.36 2. 75 2.90 

61.42 -0.20 2.23 2.23 2.39 2.76 2.92 

50.13 -0.25 2.19 2.2h 2.ho 2.77 2.92 

31.63 -0.32 2.13 '2.33 2.48 2.83 2.96 

26.26 -0.37 2.08 2.33 2.h8 2.83 2.95 

23.42 -0.40 2.04 2.32 2.49 2.80 2.95 

11.95 -0.51 2.37 2.53 2.83 2.97 

o.oo -0.61 2.43 2.64 2.98 3.13 

{CH3No2) 5.52 2.66 2.89 3.82 3.98 

Cone. of base 1.6 mole % 
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TABLE :XXVI 

CHEI1ICAL SHIFTS OF N-METHYI,.2-CHIDR0-4-NITROANILINE IN H20/H2S04 SOLUTIONS 

Mole % Chemical Rh:!.ft + O(p.p.m.) from ext .• H2S04 ref. J 
eolvent NH2 phenyl N.CH3 (e.p.3.) 

68.25 -o.67 ""2.02 2.02 2.18 2.62 2.77 7.21 

63.28 -o.68 .v2.02 2.02 2.19 2.61 2.76 1.20 

61.28 -o.67 Nl.99 -2.00 2.16 2.60 2.76 7.19 

57.82 -0.63 N 1.95 1.98 2.16 2.58 2.73 7.19 

.52.61 -0..54 1.99 2.17 2 • .56 2.73 1.11 

47.21 -0.33 2.01 2.18 2 • .59 2.74 7.18 

HS03F 0.29 N2.Ql 2.01 2.18 2.65 2.96 7.35 5.65 

Cone. of baee 1.2 mole % 

TABLE :XXVII 

CHEMICAL SHIFTS OF N-I1ETHYL-2-CHIDR0-4-NITROANILINE IN CF3COOH/H2S04 
SOLUTIONS -

----------- ----~ -~ ..--.,~ ·-
__ .... ___ 

Mole % Chemical shift+ O(p.p.m.) from ext. H2so4 ref. J 
H2S04 solvent NH2 phenyl N.CH3 ( c.p.e.) 

42.08 -0.31 2.08 2.28 2.41 2.77 2.91 7.38 

34.4.5 -0.37 2.09 2.25 2.36 2.76 2.91 7.38 

18.72 -o.li.5 2.03 2.31 2.47 2.80 2.93 7.41 

10.83 -0 • .53 1.91 2.3.5 2.51 2.89 2.96 7.43 

4.37 -0 • .50 2.37 2.53 2.82 2.96 7.43 

Cone. of ba~e 1.6 mole % 



Mole % 
H2S04 

69.71 

62.38 

58.33 

49.51 

47.19 

40.80 

~~ABLE XXVIII 

CHEMICAL SHIFTS OF N-METHYL-u-CHIDR0-2-NITROANILINE 

IN H20/H2S04 SOLUTIONS 

Chemical shift 6(p.p.m.) from ext. H2S°h ref. 
Solvent NH2 phenyl N.CH3 

.o.66 1.55 2.10 2.50 2.64 2.79 2.94 7.23 

-o.65 1.54 2.11 2.50 2.62 2.80 2.94 1.23 

-o.64 1.40 2.01 2.45 2.60 2.76 2.89 7.16 

-0.44 1.34 2.04 2.45 2.57 2.72 2.86 7.17 

-0.36 2.02 2.39 2.56 2.67 2.84 7.15 

-0.01 2.04 2.43 2.57 2.70 2.82 7.16 

Cone. of base 1.6 mole %. 

.XC.p.sJ 

Not 

resolved 



Mole % 
H2S04 

100.00 

87.o6 

59.15 

42.64 

23.49 

21.92 

18.05 

11 .• 02 

7.18 

o.oo 

(CH3No2) 

TABLE XXIX 

CHEMICAL SHIFTS OF N-METHYL-4-CHIOR0-2-NITROANILINE 

IN CF3COOH/H2S04 SOLUTIONS 

Chemical shif~ 
solvent NH2 

c5'(p.p.m.) from ext. H2S04 ref• 
phenyl N.CH3 

-0.02 1.76 2.21 2.61 2.76 2.91 3.08 7.33 

-0.08 1.71 2.26 2.64 2.80 2.95 3.09 7.39 

-0.20 1.71 2.36 2.77 2.91 3.02 3.17 7.37 

-0.28 1.67 2.41 2.79 2.94 3.02 3.15 7.hl 

-0.39 1.55 2.46 2.86 3.02 3.07 3.22 7.h9 

-0.hl 1..52 2.41 2.98 7.57 

-0.44 1.49 2.44 2.99 7.45 

-0.52 1.36 2.45 3.01 7.45 

-o.56 2.46 3.01 7.47 

2.50 3.06 7.53 

- 2.73 3.24 3.39 3.75 3.89 7.73 

Cone. of base 1.8 mole %. 

lh5 

J 
(c.p.s.) 

4.08 

L..b.2 

5.10 

4.59 



100.00 

74.63 

56.96 

33.82 

27.53 

17.77 

8.80 

o.oo 

TABLE XXX 

CH&"1ICAL SHIFTS OF N-METHYL-2, 4-DINITROANILINE IN 

H2S04/HS03F SOLUTIONS 

Chemical shif¥ 
solvent NH2 

0.33 

0.17 1.76 

0.09 1.70 

0.03 1.57 

0.02 1.65 

o.oo 1.58 

o.oo 

-0.02 

o·(p.p.m.) from ext. ~S04 ref. 
phenyl N.CH3 

1.36 1.77 1.92 2.56 2.73 7.26 

1.42 1.82 1.99 2.62 2.11 1.30 

1.411.82 1.96 2.62 2.76 7.32 

1.38 1.77 1.92 2.55 2.71 7.27 

1.46 1.76 1.99 2.62 2.77 7.26 

1.411.80 1.94 2.67 2.72 7.26 

1.39 1.72 1.93 2.55 2.69 7.25 

1.36 1.75 1.89 2.52 2.67 7.28 

Cone. of base 1.4 mole %. 
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J (c.p.s .) 

5.6 

5.5 
5 ,, . '-



Mole % 
H~04 

100.00 

89.67 

54.41 

)47 .61 

22.45 

3.08 

0.62 

(cH
3

No2) 

+ 

~rABLE XXXI 

CHEMICAL SHIFTS OF N,N-DIMETHYL-2_,4-DINIT~AUILDJE 

IN CF3cooH/~S°4 SOLUTIONS 

Chemical shift 6rp.p.m.} from ext. H2so4 ref. 
solvent phenyl N(CH3)2 

-0.02 1.39 1.?l 1.85 2.38 2.52 1.12 

-o.os 1.40 1.1'2 1.88 2.38 2.54 7.16 

-0.22 1.46 l.'i'7 1.92 2.38 2.53 7.lh 

-0.27 1.56 l.El.5 2.00 2.h6 2.61 7.22 

-0.40 l.5h 1.81 1.97 2.39 2.55 7.13 

-0.62 1.62 1.93 2.09 2.43 2.59 7.21 

-0.59 1.62 1.93 2.08 2.42 2.57 7.19 

2.24 2.57 2.7J 3.56 3.71 7.73 

NH paak not detected even in 100% ~S04• 

Cone. of base 1.2 mole % 

lh7 

J CH3 -H 

3.1 

4.25 

4.53 

4.Ll 

4.76 

o.o 

o.o 

o.o 



lh8 

TABIB X:X:XII 

~ICAL SHIFTS OF N,N-DDIBTHYL-21 4,6-TRIN~ROANILINE. 

IN H2S°4/HS03F SOLUTIONS 

Mole % Chemical shift 6(p.p.m,l from ext. H2S04 ref. 
J CH3NH+ + HS03F solvent NH phenyl N.CH3 
(e.p.s.) 

100.00 0.39 -10.62 l.31 6.96 5.00 

66.09 0.12 -o.62 1.33 7.00 5.05 

46.41 o.o6 -o.43 1.46 6.99 4.47 

25.73 0.02 -0.52 1.33 6.98 4. 74 

o.oo -0.02 -0.43 l.Jl 6.96 

Cone. of base 1.3 mole %. 

Mole % 
~S04 

87.83 

67.25 

57.67 

51.76 

33.14 

20.48 

TABLE XXXIII 

CHEMICAL SHIFTS OF N,N-Dil1ETHYL-2,4,6-TRINITROANILINE IN 

CF3COOH/H2S°4 SOLUTIONS 

Chemical shift cf (p.p.m.) from ext. H2S04 ref. 
solvent NH+ phenyl N.CH3 JcH3RH+ 

(c.p.s.) 
-,,.--~------

-0.07 1.34 6.97 3.67 

-0.16 1.44 6.97 

-0.21 1.46 7.02 

-0.22 1.40 6.97 

-0.31 1.57 7.11 

-0.42 1.68 7.18 
Cone. of base 1.2 mole %. 



TABIE XXXIV 

CHEMICAL SHIFTS OF PYRIDINE IN ACID SOLUTIOMS 

.. _____ 
Solvent Chemical shift - cf (p. p.m.) from int. T .M. S. ref. 

solvent aromatic protons NH+ JNH+ 
( c.p.sJ 

CF3COOH ll.96 B.98 8.89 8.78 8.6.5 lJ.89 67 
a.32 a.21 8.10 

CF3COOH cont. 10.83 8.42 a.33 a.23 8.10 12.62 68 
32.5 mole % 7.77 7.67 7.56 
H2s<\ 

~S04 * 10.49 a.33 B.23 a.20 B.09 12.07 68 
7.73 7.62 7.51 

Solvent Chemical shift 6 fp. p.m.) from ext. H2S04 ref. 
solvent aromatic protons NH+ J~1I+ 

(c.p. s.) 
~__.....-.. __ , __ .-.. ·---~ .... 

CF3COOH -1.19 1.85 1.93 2.06 2.35 -J.04 68 
2 • .51 2.62 2.73 

~so4 coni. -o.hJ 1.89 1.99 2.02 2.07 -2.06 66 
28.4$ mol0 'fo 2.15 2.48 2.57 2.68 
CF3COOH 

HSOJF* -0.31 2.01 2.13 2.25 -1 • .59 67 
2 • .59 2.69 2.81 

* The high field component of the NH+ triplet is not visible in these 

solutions since it has the same chemical shift as the solvent. 
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3 p-nitroaniline 

2 2-chloro-4-nitroaniline 

3 4-chloro-2-nitroaniline 

4 N-methyl-2-chloro-4-nitroaniline 

5 N-methyl-4-chloro-2-nitroaniline 

2·6 6 N-methyl-2,4-dinitroaniline 

• E 
... 2 c.. 

Ci. e • lQ 2·2 

3 

I I 
20 40 060 

rnol e Z 80 100 

Fig. 33 SOLUTIONS OF ANILINES 1 Na+ PROTON CHEMICAL SHIFTS 
AGAINST CONCENTRATION OF ~so4 OR HS0

3
F. 



Fig. 34 

so c.p.s. 

/3 
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H2s<\ 
+ 28.45 mole % 
CF) COOH 

RING PROTON SPF.CTRA OF PYRIDINE IN SOLUTIONS OF 
VARYING ACIDITY • 



(J) PROTONATION OF TRIPHENYLPHOSPHINE AND TRIPHENYLARSINE 

The rate and mechanism of proton exchange in aqueous solutions 

of the trimeth:ylphosphonium ion have been determined by n.m.r. 
25 

techniques • Observation of the collapse of the fine structure in 

both the methyl and P-H proton resonances with increasing pH enabled a 

pKa_ of B.Bo to be determined. It was found that the doublet, due to 

spin-spin coupling of the p3l with the attached proton, did not collapse 

to a single line but each component merely broadened and r. :!lrged into the 

baseline with increasing rate of exchange. 

Examination of a solution of triphenylphosphine in 100% sulphuric 

acid by n.m.r. showed that protonation had occurred, the proton being 

attached to the phosphorus atom. That this is the site of protonation 

is evidenced by the fact that the resonance due to the captured proton 

is a doublet of J•509 c.p.s. The doublet structure persists even in 

quite dilute aqueous acid and is also present in cn3No2/~SOU, with a 

concentration of H2s°4 greater than 3.57 mole %. When exchange became 

rapid the individual components of the doublet broadened and merged with 

the baseline. The chemical shifts of the main peaks in the snectrum are 

given in Tables XXXV-XXXVI. 

In view of the ease of protonation ot triphenylphosphine an 

attempt was made to observe the spectrum of the conjugate acid of 

triphenylarsine. However nc> extra peaks were visible in the n.m.r. 

spectrum in ~S°4 or HS03F solutions. Even cooling the solution in 

HSo3F to -90° produced no extra peaks. This may be due to the fact that 

the As nucleus has spi.~ J/2 and a quadrupole moment which would probably 

broaden the signal of a proton attached to As to such an extent that it 

can not be detected. 



TABLE XXIV 

CHEMICAL SHIFI'S FOR TRIF~NYLPHOSPHINE IN H20/H2S°4 SOLt~IONS 

~ 

Mole % Chemical shift. O(p.p.m.) from ext. H2S°4 ref. 
¥04 solvent phenyl P-H Jp_fl 

(c.p.s.) 

100.00 o.o 2.89 2.99 ).08 2.53 509.0 

73.94 -o.60 2.88 3.07 2.41 503.1 

59.56 -0.63 2.89 3.08 2.36 505.3 

43.63 -0.17 2.90 3.08 2.28 508.7 

37.50 0.25 3.14 2.26 512.4 

35.45 0.39 3.12 2.25 512.4 

30.71 0.80 3.15 2.21 509.6 

Cone. of base 1.2 mole %. 

'!'ABLE XIXVI 

CHEMICAL SHIFTS FOR TRIPHE:NYLPHOSPHINE IN CH3N02/~S04 SOLUTIONS 

Mole % Chemical shifts - O(p.p.m.) from ext. T.M.S. 
~so4 solvent P-H phenyl CH3No2 

13.72 10.84 13.00 7.77 7.89 7.94 4.38 

12.32 10.87 l~'.99 7.77 7.89 7.94 4.37 

s.41 11.02 13.04 1.19 7.91 7.96 4.37 

4.47 ll.14 ,-, 05 
...... .;. 0 7.82 7.93 7.99 4.37 

3.57 10.90 lJ.07 1.79 7.89 7.96 4.37 

2.·76 11.15 7.79 7.90 7.96 4.35 
1.82 10.28 1.11 7.87 7.95 4.35 

Cone. of base 1.1 mole %. 



CHAPrER VII 

DETERMINATIO~~ OF pKBH+ AND H0 VALUF.S 

(1) II~RODUCTION 
26,30 

In recent years two groups of workers have attempted to 

use n.m.r. techniques to determine indicator ratios of bases in acid 
26 

solutions. As mentioned in Chapter v, Edward et al. followed the 

protonation of ethyl alcohol in acid solution by means of the change, 

with H0 ,, of the chemical shift between the CH2 and CH3 proton 

resonances. A plot of o CH) - 6 CfI:2 versus H0 gave a sigmoid type 

curve with a point of inflec:tion which corresponded to the p~H+ of 

the indicator. This method although giving reasonable results, 

suffers from the disadvantage that the solvent effects on the proton 

chemical shifts are often of the same order as the effect of 

protonation. 
30 

A similar technique has been used by Taft and I.evins who 

measured the Fl9 chemical shift produced by protonating para-subst-

ituted fluorobenzenes. In this case the solvent effects are small 

compared with the chemical shifts produced on nrotonation and this 

method appeared to be promising as a means of measuring the H0 of 

strong acid solutions. 
31 

Some Russian workers have calculated H0 f cr the hydro-

fluoroic system from F19 chemical shifts. Their agreement with 
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independent results for this system may be fortuitous as their 
.32 

interpretation of the chemi(~al s hi:fts has been questioned • 

The n.m. r. studies <}arried out in this work have suggested 

some other methods which might be applicable to the measurement of 

155 

These are discussed in the following sections. In order that 

some of these results could be interpreted it was necessary to extend 
=?7 

the H0 measurements of Barr on the SbF5/HS03F system to much higher 

concentrations of SbF5. As stated in Chapter I this necessitates 

the measurement of E ion , EB and E_ for a series of suitable bases. 
27 

The measurements carried ou1; by Barr indicated that H.S03F has an Ho 

of -12.85. 
28 

Hammett 

It is obvious that the substituted aniline bases used by 

are much too strong to be used in this system and it was 
104 

necessary to use much weaker bases. Brand and coworkers , who 

measured IIo for oleums, used a series of substituted nitrobenzenes 

and this type of base has also been used in this investigation. 
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(2) MEASUREMENT OF IONISATION RATIOS, pKBir+, AND Ho BY THE 

SPECTROPHOTONETRIC METHOD 

The ionisation ratios were calculated by equation (1.21). The 

extinction coefficients wer1~ measured at the wave-length of the absorption 

maximum of the bases and not, at the wave-length at which Cion is 

measured, since there is generally a solvent effect which shifts the 

absorption maxima towards shorter wave-lengths with increasing acidity. 

The bases used in this investigation were:- 2,4-dinitrotoluene; 

l-chloro-2 ,h-dini trobenzene .; l-fluoro-2,4-rlinitrobenzene; 2,4,6-tri-

nitrotoluene, and 1,3,5-trinitrobenzene. The present results in 
27 

conjunction with those of Barr 
105 

and some unpubU.shed measurements of 

Gillespie et al. , are used to extend the aci~ity function of HS03F 

solutions from 100% HS03F to HS03F containing 6 mole % SbF5. In 

addition the pKBH+ values for the above mentioned bases were calculated 

in the cases where they wero not known. Extinction coefficients and 

ionisation ratios for these bases are given in Tables :XXXVII-XLVI. 

Figs. 35-39 show tho spectra of these bases in HS03F solutions 

containine different amounts of KS03F, ~S04, and SbF5• Brand 
104 

and c:>workers were unablE~ to obtain experimental values for £ion 

for 21 4-dinitrotoluene and weaker bases, and as a result had to resort 

to calculation in order to obtain E. ion and pKBlr·· In the fluoro-

sulphuric acid system it hafi been possible to completely protonate all 

of the bases by addition of suitable quantities of antimony penta-

fluoride. 

The value E ion • 13900 for 2,4-dinitrotoluene used by Brand 
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is retained in this investigation; ~. for l-fluoro-2,4-dini-ion 

trobenzene was found to be 11570 at 330 m,J-" ; £ion for l-chloro-
10.5 

2,4-dinitrobenzene is taken as 12590 at 360 m~ (Gillespie et al. ); 

E ion for 2,4,6-trinitrotoluene was found to be 10440 at J25 ~. 

This latter value was the average of Emax at 325 m~ in two HS03F 

solutions containing o.523 a.nd l. 725 mole % SbF5 respectively. Since 

E max ; n the latter solution had a slightly lower value than in the 

o.523 mole% solution it was concluded that protonationwas complete 

in the 0.523 mole % SbF solution and the differences in E max were 

due to experimental error. 

Since there seems ti) be some disagreP.ment over the correct 
104 

value for the pKBH+ of 2,4-<iinitrotoluene (Brand gives -12.6 while 
93 

Paul and Long give -12.95), it was thought that an independent value 
27 

might be calculated from the results of Barr for F"2S04/Hso3F 

solutions. Using his data for m-chloronitrobenzene (pKBH+ • -12.21) 

and 2,4-dinitrotoluene in H:zSOi./HSo3F solutions, the pKBH+ for 2,4-

dinitrotoluene was found to be -13.06. Thl.s agrees well with the 
9J 

value due to Paul and !()ng • The values of log CBH+ for the -
CB 

indicator l·fluoro-2,4-dinitrobenzene obtained in this investigation in 

H2So4/HS03F are shown in Fig. 40 plo·tted together with Barr's de.ta for 

the other bases. The overlap is not very good but nevertheless it is 

possible to calculate a value for the p~H+ of l-fluoro-2,4-dinitrobenzene. 

This valuo was then used in conjunction wit.h the indicator ratios 

obtained for the other bases in HS03F containing KS03F or SbF5 (Fig. 41) 

in order to obtain their pK13H+ values and also to extend the H
0 
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measurements to higher SbF5 concentrations. Tables XLII-XLVI show the 

indicator ratios, pKBH+s fo:r the bases and H0 values for fluorosulphuric 

acid containing up to b mole % SbF5• The va1ues obtained for H
0 

for 

solutions of KS03F and SbF5 in HS03F are shown in Fig. 42. It has been 
27 

shown by Barr that ionisation ratios cannot be measured directly in 

100% HS03F as the concentra1::.ion of the indicator used is larger than 

the concentration of the ions produced by autoprotolysis. The value 

of Ho for 100% HS03F was obi:;ained by int;,erpolation from the p1ot in 
27 

Fig. 42 and was found to be -13.8: Barr found a value of -12.9. 

One possible reason for this difference could be the fact that the · 

spectrophotometer used by Barr could only scan the spectrum nown to 

330 m)"' and since the peak maximum in SbF5/rr..S03F solutions occurs at 

315 l1l)L Barr's extinction coefficients might be too low, r1'sulting in 

a low interpolated value for 100% HS03F. 

It is seen from TabJ~e XXXVII that in a solution of HS03F con­

taining 0.165 mole % SbF5 the extinction coefficient at 315 mr for 

2,4-dinitrotoluene is higher than f.. used in the calculations of 
ion 105 

indicator ratios for this base. Gillespie et al. have found that 

higher concentrations of SbF5 produce still higher values of E. but at 

a wave-length of 310 ~ • These workers found that a new pea'k appears 

in the spectrum of l-chloro-2,u-dini~robenzene at 310 m~ when the 

concentration of SbF5 is increased beyond the value ne13essar-.r to 

completely protonate this base: the peak due to the prctonated form 

of this base occurs at 360 Jl'Y"" • The. same effect is r..ot:l~ed in t.he 

case of l-fluoro•2,4-dinitrobenzene, though to a lessor extent since 

very high concentrations of SbF5 were not used. In view of the 
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appearAnce of this peak at 310 mi"'" in solutions containing high 

concentrations of SbFr::' it is i.Jelieved that th"' values chosen for E. 
,;J ion 

for these dinitrobenzenes are correct even though they are not the 

maximum values. This peak at 310 m/>' is not obs~rved for mononitro 

bases but only for dinitro bases. It seems reasonable that this new 

peak might be the result of protonation of the nitracidium ion, i.e. 

diprotonation of the dinitr<>benzene1 as a result of the extremely high 

acidity of the solutions. Alternatively the peak at 310 m/"'" might 

be the result of association of the nitr·acidiwn ion with SbF5 as the 

Sbli ... 5 concentration becomes appreciable. 



TABLE XXXVII 

EXTINCTION COEFFICIENTS OF 2,4-DINITROTOLUENE IN 

FLUOROSULPHURIC ACID SOLUTIONS 

Wave-length Concentration mole % 
Cmr) ISO F' 3 H2S04 SbF5 

0.156 o.461 0.165 
Extinction coefficient 

260 13390 9$10 5830 

270 1J2h0 8450 6570 

280 12190 6730 8040 

290 10410 5J6o 9910 

300 8720 5350 12330 

310 7820 7100 lhl60 

320 7660 9490 14360 

330 7720 11080 13400 

340 7290 11280 12270 

350 6350 10360 10690 

360 5370 8720 8540 

370 4090 65.50 6180 

380 2870 4300 3900 

390 1870 2490 2090 

400 1290 1370 1090 

7660 11330 l.4530 
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TABLE XXXVIII 

EXTINCTION COEFFICIENTS OF l-FLUOR0-2,4-DINITROBENZENE IN 

FLUOROSULPHURIC ACID SOLUTIONS 

Wave-length Concentration mole % 
(m_µ. ) KSO F' 3 SbF5 

0.156 0.047 0.022 0.079 0.165 
Extinction coefficient 

260 13750 12640 11650 6070 716o 

270 12230 10430 10120 4910 4880 

280 9840 8180 8230 4210 4610 

290 7490 6340 6130 4530 5440 

300 5360 5340 4930 5730 7080 

310 3820 4820 4370 7520 9210 

320 2980 4660 4410 9360 10890 

330 2560 4470 4520 10290 11570 

340 2210 4070 4270 10030 10970 

350 1830 3340 3470 8430 9210 

360 1350 2490 2530 6040 6170 

370 940 1620 1490 3560 3510 

380 600 1000 800 1620 1590 

390 450 630 390 680 540 

400. 480 220 140 

E 330 
2560 4470 4520 10290 11570 

161 

0.523 

5260 

5300 

6480 

8790 

10700 

11910 

12360 

12070 

10890 

8850 

5960 

2780 

1670 

730 

340 



TABLE XXXVIII (Contd.) 

EXTINCTION COEFFICIENTS OF l-FLUOR0-2,4-DINITROBENZENE IN 

FLUOROSULPHURIC ACID SOLUTION'S 

Concentrat:Lon mole % ~S04 

~ave-length 54.95 4.938 0.580 0.343 
(mr) Extinction coefficient 

260 13800 ll590 10450 

270 11010 9050 8llO 

280 8300 69hO 6220 

290 5480 6270 5310 5000 

300 3650 4980 4630 4800 

310 2320 3990 45.30 5000 

320 1460 3430 4730 5ti70 

330 1030 3050 4830 562) 

340 740 2640 4490 5190 

350 530 2070 3730 4280 

360 330 1600 2540 2890 

370 160 1050 lh20 1620 

380 480 650 760 

390 320 240 310 

E 330 
1030 3050 4830 5620 
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TABLE XXXIX 

EXTillCTION COEFFICIENTS OF l-CHIDR0-224-DINITROBENZENE 

IN FLUOROSULPHURIC ACID SOLUTIONS 

Concentration mole % 
KS03F ~S04 

Wa\u:~; · rt<~th 0.047 0.022 0.416 
(':'.l~1- Extinction coeffipient 

260 11020 10100 9550 

270 10950 10220 9190 

280 10160 9450 8340 

290 8850 7930 7100 

300 7130 6230 .5910 

310 5800 5040 5370 

320 4960 4540 5260 

330 4440 W140 5370 

340 4170 4510 5670 

350 4170 4740 6080 

360 4150 4910 6220 

370 3790 4580 5770 

380 2910 3560 4440 

390 1880 2250 2720 

400 1020 1170 1380 

E 360 
4150 4910 6220 
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TABLE XL 

EXTINCTION COEFFICIENTS OF 21416-TRINITROTOLUENE IN 

FLUOROSULPHURIC ACID SOLUTIONS 

Concentration mole % 

KS03F SbF5 
Wave-length 0.156 0.047 0.079 0.165 0.523 
(m~) Extinction coefficient 

260 13510 14440 10770 7900 6970 

270 10480 11560 8590 5690 5370 

280 7530 8540 6460 4560 4900 

290 5170 6070 52h0 4950 5810 

300 3740 4690 4910 6670 7530 

310 2970 3800 5120 8350 9290 

320 2360 3080 5330 9350 10410 

330 1930 2610 5070 9110 10290 

340 1580 2260 4360 7680 9070 

350 1250 1930 3330 5720 7410 

360 950 1.510 2390 3950 5320 

370 830 1180 1640 2380 3680 

380 590 875 1010 1260 2210 

E 325 
2120 2840 5330 9410 10540 
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1.725 

7450 

6620 

6650 

7520 

8980 

10020 

10340 

9850 

8150 

6540 

4720 

3230 

2070 

10340 



TABLE XL (Contd. ) 

EXTINCTION COEFFICIENTS OF 2,4,6-TRINITROTOLUENE IN 

FLUOROSULPHURIC ACID SOLUTIONS 

Concentration mole % ~S°4 

Wave~length 100.00 
(m~) 

4.938 0.343 
Extinction coefficient 

260 11300 14580 13470 

270 8370 11360 10420 

280 5120 8150 7230 

290 2910 5190 4860 

300 1940 4630 3820 

310 1470 3650 3160 

320 lllO 2890 2580 

330 840 2290 1930 

340 660 1780 1270 

350 430 1420 690 

f 325 
960 2190 2240 
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TABLE XLI 

EXTINCTION COEFFICIENTS OF 113,5-TRINITROBENZENE IN 

FLUOROSULPHURIC ACID SOLUTIONS 

Concentration mole % 
~s°4 SbF5 
0.343 0.260 

Wave~length Extinction coefficient 
(mp) 

260 12040 7570 

270 6420 5690 

280 3260 5800 

290 2060 7080 

300 1470 8llO 

310 880 7930 

320 700 6230 

330 4330 

340 2900 

350 1880 

360 1250 

370 910 

380 420 

E 305 1200 8200 
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TABLE XLII 

INDICATOR RATIOS, pKBH+ AND H
0 

VALUES FOR 2,4-DINITROTOLUENE 

IN HS03F SOLUTIONS 

EB • 1700 E' ion • 13900 pKmr .. -13.06 

Cone. mole % E log CBH+ Ho 

CB 

0.156 (KS03F) 7660 -0.20 -12.86 

O.h61 (H2S04) 11330 0.57 -13.63 

TABLE XLIII 
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INDICATOR RATIOS, pKBH+ AND H
0 

VALUES FOR l-FLUOR0-2,,4-DINITROBENZENE 

EB ... 920 lion • 11.570 pKBW ., -13.84, 

Cone. mole % c log CBH+ Ho -
CB 

0.156 (KS03F) 2560 -0.74 -lJ.10 
0.047 II 4470 -0.30 -lJ.54 
0.022 II 4520 -0.29 -13.55 

0.079 (SbF5) 10290 o.86 -14.70 

54.95 (~S04) 1030 -1.99 -ll.85 

4.938 Ii 3050 -o.6o -13.24 

o.58o It 4830 -0.24 -13.60 

o.J43 It 5620 -0.10 -13.74 
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TABLE XLIV 

INDICATOR RATIOS, pKBH+ AND H
0 

VALUES FOR l-CHLOR0-2,4-DI-

NITROBENZENE IN FLUOROSULPHlJRIC ACID SOLUTIONS 

EB = 59(: C ion = 125 90 pKBH+ = -13.88 

Cone. mole % E log CBH+ Ho 

CB 

0.047 (KS03F) 41.50 -0.38 -lJ • .50 

0.022 ft 4910 -0.25 -13.53 

0.416 (~S04) 6220 -0.05 •13.83 

TABLE XLV 

INDICATOR RATIOS, pKBH+ AND H0 VALUES FOR 2,4,6-TRINITROTOLUENE 

IN FLUOROSULPHURIC ACID 

t B • 960 €.ion • 10440 pK BH+e -14.32 

Cone. mole % E log CBH+ H 
0 

CB 

0.156 (xso3F) 2120 -o.86 -13.46 

0.047 " 2840 -0.61 -lJ.71 

0.079 (SbF5) 5330 -0.01 -14.25 

0.165 fl 9410 0.91 -15.23 

4.938 (~S°4) 2190 -0.83 -13.49 

0.343 n 2240 -0.81 -13.51 
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TABLE XLVI 

INDICATOR RATIOS, pKm1+ AND Ho FOR 1,3,5-TRINITROBENZENE 

IN FLUOROSULPHURIC AC]J) 

----·-
EB•Boo Eion • 14000 pKBH+ a -15.1 

Cone. mole % E log CBH+ H -· 0 

CB 
-----...- ··~,...;...-...----

0.343 (~S04) 1200 -1.51 -13.59 

0.260 (SbF5) 8200 0.11 -15.21 

105 
Results of Gillespie et al. 

0.475 (SbF5) 6600 -0.11 -14.99 

1.163 11 89h0 0.21 -15.31 

3.452 II 10420 o.43 -15.5J 

6.335 II 11200 o.57 -15.67 
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(J) GORIIBIJ\.TIOU OF THE N.M.R. DATA ON ANILINES WITH H0 

It was reported in Chapter VI that by increasing the concentratton 

of sulphuric acid in solutions of anilines in H2o, CH
3

No
2

, m~d CF
3
cooH 

it is possible to slow down the exchange process so that the spectrum of 

the conjugate acid can be recorded. Since the appearance of the N~ 

resonance occurs at a different acid concentration for each base it was 

thought that there might be a relation between the acidity at which the 

+ Nif.x resonance is first visible and the pKBH+ of the base. It is seen 

+ 
from Table XLVII that the value of -H0 at which the N8x resonance is 

first observed does in fact increase as the basicity of the aniline 

deexeases. However the detection of the m~ resonance i.s not always 

easy because of the broadness of the signal due to the N14 quadrupole 
75 

moment • In view of this, the further development of these studies 

as a means of determining HQ was deemed to be unprofitable. 

TABLE XLVII 

SOLUTIONS OF ANILINES: RELATIONSHIP BETWEEN pKBH+ AND H
0 

Base pKBH+ -Ho* Solvent system 

:e.-nitroaniline +l.02 6.25 CF 3sooH/H2SOJ.i 

2-chloro-4-nitroaniline 8.75 Ii 

4-chloro-2-nitroaniline -1.03 7.96 II 

N-methyl-2-chloro-4-nitroanilin.:: i ·?6 II 

N-methyl-4-chloro-2-nitroaniline -1.49 7.86 p 

N-methyl-2,4-dinitroaniline 11.65 HS03F/~S04 
+ 

* The value of H0 at which the N'I1x resonance is first observed. 
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As the exchange process is slowed down. by increasing the acidity 

of the solution the NoCH
3 

peak of N-methyl anilines is found to cnange 

quite rapidly from a single sharp peak, to a broadened peak and 

finally when exchange is very slow, into apeak with a multiplet 

structure depending upon the number of protons attached to the nitrogen 

of the conjugate acid. This change occurs over quite a narrow H
0 

range. A plot of the line width of th" N.cn3 peak against H0 far a 

number of N-methyl and N,N-dimethyl anilines gives a sigmoid type 

curve in each case (Fig. 43). 

It is presumed that the value of H
0 

at which proton exchange 

becomes very slow is related to the pKBH+ of the indicator. The 

point of inflection of these curves is taken as a measure of· the 

acidity of the solution when exchange has become veFf slowo The 

results obtained for several bases in different media are given in 

Table XLVIII which lists the values of H0 at the point of inflection 

in the curve for •ach base. 

TABLE XLVIII 

H0 VALUF-B AT IlrFLECTION POINTS OF C'LTT\VES IN FIG. uJ. 

Base pKBH+ -H 
0 

Solvent 

(1) N,N-dimethyl-2,4-dinitroa.niline -1.00 7.2 CF3COOH/~S04 
(2) N-methyl-4-chloro-2-ni troa.niline -1.49 7.85 Ii 

(3) If I! 7.97 ~O/~so4 
(4) N-methyl-2-chloro-4-ni.troaniline 8.2 CF 3cooH/If:?S04 

(5) II 8.2.S ~O/H2S04 
(6) N,N-dimethyl-2,416-trinitroaniline -4.81 9.3 CF3COOH/H2S04/HS03F 

(7) N-methyl-2,4-dinitroaniline 11.4 HSO:_l/~so4 
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In the cases where a base has been studied in both trifluoracetic 

acid/sulphuric acid and water/sulphuric acid, it is noticed that the 

point of inflection occurs at a slightly higher H
0 

in the water/ 

sulphuric acid system. The H
0 

values used for the aqueous sulphuric 

acid system are the recently published values of Jorgenson and 
lo6 

Hartter 

are due to 

are due to 

• Those for the trifluoracetic acid/sulphuric acid system 
107 

Hyman and Garber 
27 

and tho fluorosulphuric acid results 

Barr • The small differences found between the aqueous 

and trifluoracetic acid systems might be experimental error but could 

also be due to errors in the Ho values for the CF3cooH/H2S°4 system. 

(The results for the aqueous system are very recent and appear to have 

been determined very carefully.) 

Again it is found that as the pKBH+ of the base becomes mere 

negative a greater H
0 

value for the solvent is re.quired in order to 

stop the exchange process. From the results in Fig. h3 and Table 

1."LVIII it would appear that N-methyl-2-chloro-h-nitr0aniline is a 

weaker· base than N-metJhyl-4-chloro-2-nitroaniline and that N-me'thyl-

2,4-dinitroaniline is a weaker base than N,N-2,h,6-trinitr·oaniline. 

More quantitative results might be obtained if the actual 

rates of proton exchange were calculated from the collapse of the 
15 

N.cH3 peak with change in acidity. Reynolds and Schaefer have 

measured exchange rates for N,N-dimethylaniline in trifluor~cetic 

8cid at various temperatures and state that they plan to study the 

variation cf the exchange rate with change in pH. By using the 

bases mentioned above and others, a wide range of H
0 

could be covered. 



l. N,N-dimethyl-2,4-dinitroaniline 
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(h) APPLICATION OF F
19 

CHEMICAL SHIF'ES TO THE MEASUREHEHT OF H 
0 
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30 ---;;- __ , 
Taft and Levins have examined the F spectra of some para-

substi t uted fluorobenzenes in acid solution and find that the pl9 

resonance undergoes a large chemical shift when the base is protonated. 

A plot of F19 chemical shift against H
0 

gives a sigmoid curve whose 

inflection point corresponded to the p~H+ of the base. 

This method has been applied to strong acid solutions in this 

investigation. The ionisation of l-fluoro-4-nitrobenzene and 1-fluoro-

2,4-dinitrobenzene was studied in oleum and in fluorosulphuric acid 

solutions. The results are given in Tables XLIX-LI. 

Fig. 44 shows the variation of the chemical shift for the two 

bases in oleum solutions and of l-fluoro-4-nitrobenzene in ~S~/P..so3F 
solutions. The base l-fluoro-4-nitrobenzene was examined at two 

different concentrations i.e. 5.31 and 1.40 mole % and the H
0 

values 

at the points of inflection are -12.27 and -11.70 respectively. It is 

evident that the chemical shift is affected by the concentration of the 

base. This must be due to the fact that as the base is protonated 

the concentrations of HS<>i; and ns207 increase and as a result the 

acidity of the solution is decreased: the greater the concentration 

of base therefore, the more the acidity will be reduced and the more 

the curve will be shifted to higher acidity. This results in a high 

value for th~ PlC:sH+ of the base. The value obtained at the lower 

concentration of base agrees quite well with the value of -11.62 given 
93 

by Paul and Long • A pKBH+ of -11.6 was also obtained for this base 

in H:2S04/HS03F at a concentration of 1.45 mole % in excellent agreement 

with the value obtained in oleum solutions. 
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For l-fluoro-2,4-dinitrobenzene in oleum solutions a value fer 

the pKBH+ of -13.45 was obtained. This is somewhat 1ower than the 

value of -13. 84 obtained from the spectrophotometric met,hod. This 

might be due, in part at least, to the fac.t that the H0 values used 
105 

for the oleum solutions are not very well established Fit the higher 

concentrations of S03• 

vJhen this base was studied in Hso3F solutions it was found 

necessary to add SbFS to the solution in order to nrotonate it. The 

H
0 

of 100% HS03F was shovm in section (2) to be -13.8 and since the 

pKBH+ of this base was -13.84 [section (2 )] , then this base dissolved 

in Hso
3
F should be 50% protonated and there should be a corresponding 

large Fl9 che~.ical shift. That this is not observed must again be 

due to the reduction in acidity by the production of base, in this case 

so3F-. Only upon the addition of SbF5 doe~ the Fl9 chemical shift 

change appreciably. In Fig. 45 the F19 chem:,cal shift.s for these 

solutions are plotted against mole % SbF5• It can be seen from Fig. 

45 and Table L.I that the shift becomes appreciable only when the 

concentration of SbF5 approachAs that of the base i.e. about 1%, ar;d 

the pcir.t of inflection occurs s.t a concentration of SbF5 which would 

correspond to an H0 of -15.J if the base was not present. This is a 

much higher value than was obtained for the pKmt of this base by the 

spectrophotometric method. This difference is much greater than any 

error that could have been made either in the H0 deteI'!'linations f0r 

these solutions or in tr.e pKBH+ value for this indicator. 

When SbF.5 is dissolved in nso
3
F it has been shown that it 
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ionises according to (7.1), 

(7.1) 

i.e. it is a strong acid • Thus as Sb1"5 is added to a solution of 

1.32 mole % of l-fluoro-2,4-dinitrobenzene in Hso3F the tase i.a 

+ - ( titrated by the SbF5, producing the salt BH .sbF5so3F 7.2), 

B (7.2) 

and it is this process which is being followed by the observation cf 

the change in the F19 chemical shift. At the point of inflection of 

this titration curve i.e. when CBH+ • CB' the acidity of the solution 

must be equal to the p~H+ of the base -13.BL.. This inf'lecticn point 

should occur when o.66 mole % SbF5 has been added, but is actually found 

to occur at approximately 1 mole %. There are not sufficient data to 

locate this point precisely and the diff er~nce between the observed and 

expected values is possibly due solely to experimental error. A 

solution of IIB03F containing 0.66 mole % SbFs would have an H
0 

of 

-15.26 (Fig. 42) so that the addition of 1.32 mole % of l~fluoro-2,4-

dinitrobenzene must reduce the acidity from ... 1,5.26 to -1.3.84. This 

solution contains an equivalent amount of base and its conjugate acid. 

The effects of electrolytes upon H0 has been discussed by Paul and 
93 

Ieng and can lead to a reduction in H
0

• It is reasonable to a8sume 

that the presence of unprotonated base could also lead to a r~duction 

in 11<,. Further addition of SbF5 to this solution would be expected 

to cause no further increast'! in acidity until the conc~ntration of 

SbF5 exceeds that of the base. 

It is clear that this method is applicable only when the 
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concentration of the base is very much smaller than the ccncentratior.. 

of any of the components of the solution, in this case the SbF5• 



TABLE XLIX 

Fl9 CHEMICAL SHIFTS OF 1-FLUORO-u-NTIROBENZRNE IN OLEUM SOLlITIONS 

Cone. of base 5.31 mole % Cone. of base 1.4 mole % 
6 (p.p.m.) from mole % -H 0 (p.p.m.) from mole % -Ho 0 

ext. CF3COOH so3 ext. CF3COOH S03 

17.10 o.oo n.3 15.77 o.oo ll.30 

11.70 5.30 12.16 14.79 0.32 11.16 

9.31 7.97 12.33 10.99 1.78 ll.70 

9.33 B.02 12.35 10.16 2.34 11.82 

4.95 15.ll. 12.66 1.22 4.14 12.0.3 

1.92 23.81 12.92 5.61 6.18 12.20 

1.05 32.79 13.17 3.h5 B.Jh ~. 2 '45 .1. •J 

1.35 12.35 12.55 

0.34 1.5.68 12.67 

-4.16 34.12 13.22 

-4.54 38.50 13.33 

mole % 
~o 

17.07 0.92 11.2 

17.97 6.64 10.8 

10.5 
H

0 
values are those of Gillespie et al. • 
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TABLE L 

r19 CHEMICAL SHIFTS OF l-FLUOR0-2,4-DINITROBENZENE IN OLEUM SOLUTIONS 

Cone. of base 1.06 mole ~ 

0 (p.p.m.) from 
ext• CF .fOOH 

22.68 

22.19 

21.L6 

20.37 

18.35 

16.53 

15.34 

13.69 

9.84 

B.BB 

mole % 
so3 

o.oo 

B.39 

15.79 

24.91 

34.11 

37.26 

44.09 

47.47 

61.03 

70.71 

105 
H

0 
values are those of Gillespie et al. • 

-H 0 

11.3 

12.35 

12.67 

12.9h 

13.22 

13.30 

13.48 

13.57 

13.93 

14.20 
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TABLE LI 

F3-9cHEHICAL SHIFTS OF l-FLUOR0-4-NITROBENZENE AND 1-FLUOR0-2,h­

DINITROBENZENE IN 1''LUOROSULPHURIC ACID SOLUTIONS 

1-Fluoro-4-nitrcbenzene l-Fluoro-2,4-din~trobenzene 

Cone. of base 1.45 mole % Cone. of base 1.32 mole % 
d (p.p.m..) from mole % -Hg 6 (p.p.m.) from mole% -Ht 

ext. CF3cooH H2S04 ext. CF3COOH ~S04 
0 

..,....___,..., __ 
- - --- --

-0.70 o.oo lJ.8 22.91 67 .. JO 11.80 

0.30 12.28 12 .. 86 22.99 58.45 12.06 

1.32 17.18 12.74 22.72 30.70 12.h7 

4.35 45.99 12.24 22.40 17.93 12.70 

5.70 62.58 ll.99 mole % 

7.19 66.78 11.90 
SbF$ 

9.32 80.26 11.66 21.42 o.oo 13.80 

11.08 86.76 ll.54 20.91 0.25 14.77 

13.76 92.74 11.37 18.61 o.,58 15.ll 

14.28 96.65 n.20 15.31 1.02 15.JO 

10.68 1.19 15.32 

5.59 2.74 15.47 

o.oo 8.21 15.75 

-1.39 12.75 

27 
* H0 values are those of Barr and this work. 

105 
t H values are those of Gillespie et al., and this wcrk. 



l•fluoro-h-nitrobenzene 

_ 8 1. l.bo J10le % 

0 

E4 
d.. 
d.. 

"-0 8 

12 

16 

20 

2. S.Jl mole % 

3.l-fluoro-2,4-dinitrobe 

II 12 13 

-Ho 

l·fluoro-4•nitrobenzene 

I I 
14 I I 12 13 

-Ho 

Fig. 44 SOLUTIONS 0~ FLUORONITROBENZENES IN ff2S04fso3 AND H2S04/ 
HS03F: r.&. CHEMICAL SHIFTS AGAINST H

0
• 

187 

14 



0 

8 

E 
ci 
C:.12 

'-0 

16 

20 

Fig. 45 

f I 
2 4 8 10 12 

SOLUTIONS OF 1-FLUOR0-2,4-DINITROBENZENE IN HS03F/SbF5: r-19 CHEMICAL SHIFTS 
AGAINST MOLE % SbF 5. . 



189 

·--~---------

':, ... ::nc·.::r.: the conjugat~ acids of ac.etophenones and the solvent suggested 

that. there might be soMe correl8.tion between these rates and the 

acidity of t~:t:. :::·olvl":nt. 

Acetone was cho3(~n as the base fox· a more detailed investigation 

of this poseible correlatio11 because of it.s stability in flucrosulphuric 

acid and the fact that the rate of proton exchange can be measured ov&:r 

a wide range of SbF5 concentrations in HS03F. The c:1cmical shj_ft data 

for a typical solution of acetone .i.n HS03F containing SbF5 :bas been 

given in Chapter V (Table XVI). Only two peaks are visible in the 

2pectrum of the conjugate acid when exchange is very slow, one due to 

the crr3 protons and the other to the proton captured by the carbonyl 

oxygen. Rates of proton exchange can be c~lculated for this system 

by the same methcd as used in Chapter V for acetophenones. 

The rnte of proton exchange has been calculate0 for solutions 

in HS03F co:-itainine; fixed amounts of Rcetone, but varying concentrations 

of SbF) anC. nlso in solutions containing a fixed amount of SbFS but with 

different concent1·ations of acetone. Plots of log k against 1/T are 

shuwn in Figs. h6 and 47 and the results are summarised in Tables LII 

and LIII. 

It io seen from Table LII that an increase in the concentration 

of acetone produces an increase in the rate of proton exchange. A 

plot of log k
0

o against mole % acetone gives a mriooth curve (Fig. 47), 

the increase in rate being greatest when the acetone concentration 

approa~tes that of the SbFr.. 
;J 

Table LIII shows the variation of rate 
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with change in SbFS concentration (constant amount of acetone) and a 

plot of log k
0

o against mole % SbF5 (Fig. 47) indicates that the rate 

varies almost linearly until the concentration of SbF5 becomes less 

than the concentration of acetone when the rate increases enormously. 

This increase in rate can be accounted for as explained in the 

previous section by the titration of ~so3F+ by the acetone which 

reduces the acidity of the solution to that of 100% nso
3
F in which 

the rate of proton exchange between the conjugate acid of acetone 

and the solvent is much more rapid. 

It appears that at a sufficiently low concentration of acetone 

the rate of exchange would become independent of the acetone con-

centration, and for solutions containing an excess of SbF
5 

over 

acetone the rate is a linear function of H • 
0 

If this behaviour is 

general for other bases, then if a sufficient number of overlapping 

plots of rate against H0 could be obtained a new method for determ­

ining H
0 

could be developed. 



TABIE LII 

RATE DATA FOR SOLUTIONS OF ACETONE IN FLUOROSULPHURIC 
ACID COMTAil1ING 6 MOLE % ~bF5. 

Mole% Act. Energy log k
0 

log k 

Acetone SbF5 Kcal./mole (00) 

2.95 6.29 ll.26 10.19 1.18 

3.05 6.29 12.15 l0.65 0.93 

4.91 6.15 12.70 12.03 1.86 

5.96 6.08 12.81 13.44 3.19 

6.30 6.o6 10.25 12.o6 3.86 

TABLE LIII 

RATE DATA FOR SOLUTIONS OF ACETONE (2.4 - 3.05 MOLE %) 
IN FtUOROSULPHURIC ACID CONTAINING VARYING AMOUNTS OF SbF5• 

Mole % Act. Energy log k
0 log k 

Acetone SbF5 Kcal./mole (00) 

2.64 7.37 12.12 10.49 0.76 

2.82 8.34 12.44 10.74 0.79 

3.04 6.29 12.15 10.65 0.93 

2.95 6.29 11.26 10.19 1.18 

2.95 .5.55 11.96 10.95 1.38 

2.44 4.52 13.05 ll.84 1.40 

2.73 3.73 13.13 12.10 1.59 

2.92 2.83 9.95 13.76 5.80 

2.79 1.94 exchange too rapid 
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-H 0 

15.72 

15.77 

15.66 

15.65 

15.63 

15.57 

15..53 

15.48 

15.43 
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(6) DISCUSSION 

All of the methods described su.ff er from the disadvantage that 

relatively large concentrations of base are required in contrast to 

the spectrophotometric method where the concentrations are of the 
30 

order of lo-5 molar. The method due to Taft and Isvins is certainly 

the simplest since it only involves the measurement of chemical shifts 

and in addition the p~J!+ is obtained directly. Measurement of the 

rates of proton exchange and their correlation with H
0 

is more 

complicated and suffers from the disadvantage that p~H+ is not 

obtained directly. However in the case of the bases N-methyl and 

N,N-dimethylanilines their concentration can be reduced to about 0.2 

mole %, since one is observing an n.m.r. signal due to three, or six 

protons and not just one proton as in the case of acetone. In this 

case it might be possible to obtain a useful correlation of rate with 



CHAPI'ER VIII 

EFFECTS OF ELECTROLYTES ON THE CHEMICAL SHIFTS OF ~S04 AND HS03F 

(1) INTRODUCTION 

The effect of electrolytes upon the proton resonance of 

l1~•clro1:;en-bonded [3olutions has been the subject of many papers publisli ,c 
108 

in recent years. Shoolery and Alder were the first to observe that 

tbe chemical shift produced by dissolving electrolyes in water varied 

with the electrolyte. They were able to separate the contributions of 

the cation and anion by assuming a value for the chemical shift of ClOf; 

of 0.085 p.p.m./mole. The shifts obtained were interpreted in terms 

of a low-field shift for the protons of water molecules of hydration, 

together with a shift to high field due to the breaking up of the 

hydrogen-bonded structure of the water by the ions. No correction 

for differences in the bulk diamagnetic susceptibilities of the 

solution and reference were made. A similar study by Hertz and 
109 

Spalthoff arrived at essentially the same conclusions, though there 

are some discrepancies between the two sets of results. 
39 

Shcherbakov , 

who has reviewed the literature up to 1961, concludes that the results 
109 

of Hertz and Spalthoff are probably the more accurate s:ince they do 

make susceptibility corrections. These workers, hovever, find that Na+ 

gives the same molar shift as K+ although Na+ is generally recognised as 
+ 110 

being more solvated than K • 

196 
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111 

Axtmann has recorded the chemical shifts for solutions of 

nitrates in water and obtained some correlation between the molar 

shift and pKa for the reaction (9.1). 

M(~o>6+ + ~o ~ H30+ + M(H20)5(0Ht<x-l) (9.1) 

112 
Fabricand and Goldberg have studied the proton resonance 

shifts of alkali halide solutions and have correlated these shifts with 

ionic charge, ionic radii and electrolyte concentration. By assuming 

the value for the molar shift due to Cl- to be zero, the molar shifts 
ll2 

for the other ions were obtained. These authors point out that 

there is a limitation upon the accuracy of their results as a 

consequence of the fact that the susceptibility corrections are of the 

same order, and often greateT than the measured chemical shifts. Larger 

shifts to high field were found the greater the size of the cation. 
40 

Hindman has also examined the effects of 1-1 electrolytes on 

the proton resonance of aqueous solutions and has calculated contri-

butions due to the separate ions assuTfling the chemical shift due to 
40 

the ammonium ion to be zero. Hindman interprets his results in 

terms of bond-breaking, structural, polarisation, and non-electrostatic 

effects and calculates effective hydration numbers for the individual 
ll2 

ions. As with the work of Fabricand and Goldberg , the corrections 

for bulk susceptibility are of the same order as the measured shifts. 
40,112 

The agreement between the values obtained by these two groups 

for the actual measured, uncorrected, molar cheI'lical shifts for a 

particular salt is, in some cases, not particularly good. 
36 

Gillespie and White have carried out a study of MHS°J.i salts 

in ~S04 solutions and interpreted their results in terms of the 
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breaking-up of the hydrogen-bonded structure by the ione and solvaticn 

effects. For a particular nucleus the value at which the n.m.r. 

frequency actually occurs depends upon the chemical. emTir-o!lil16nt for 

that nucleus. A proton which is involved in a hydrogen bend is less 

shielded from the applied magnetic field than one whi~h is not 

involved in a hydrogen bond with the result that the hydrogen-bonded 

proton gives a resonance at a lo~~r applied field. Thus the breaking 

of a hydr·ogen bond results in an increase in the shielding of the 

proton and a shift of the n.m.r. signal tc higher field. This 

phenomenon is used to interpret the changes in chemical shift which 

occur when electrolyes are dissolved in sulryhuric and flucrosulphuric 

acids. Other workers have used the chemical shifts cf other nuclei tc 

investigate the effects of electrolytes upon the structure cf the 
113 114 

solvent: Carrington and Hines , and Connick and Poulson studied 
ll5 

F19 spectra, Jackson et al. studied Ql7 spectra, and Gutowsky and 
116 

McGarvey studied T1203 spectra. 
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(2) SOLUTIONS OF MHS~ I~--~S?u 

The chemical shift produced when a metal hydrogen sulphate is 

dissolved in sulphuric acid is known to vary with the cation and its 
36 36 

concentration • The investigation begun by Gillespie and White has 

. .+ + + + + , ) + been extended to include Li , Rb , Cs , Ag , Et N , lC6~ As , 

(C6~)2COH+, Ca++ and Ba++ and in addition some more results ha~e been 

obtained for the electrolytes studied by these workers. In this 

previous work no correction was made for differences in the bulk dia-

magnetic susceptibilities of the solution and the external reference. 

In the present work the solutions were referenc"'c with respect 

to external 100% sulphuric acid and susceptibility corrections were 

made where possible. The results obtained are shown in Table LIV and 

Figs. 49-51. It can be seen (Table LIV) that although the 

susceptibility corrections are small they are not negligible1 however 

they are much smaller than the corresponding corrections for aqueous 
40,111 

solution • 
The chemical shift ( cS p.p.m.) when plotted against the proton 

fraction p (the proton fraction is that fraction of the total number 

of protons that is associated with a particular species) gives plots 

which are in general linear over a considerable concentration range. 

The slopes of the linear portions of the curves are given in Table LV. 

Deviations from linearity are sometimes observed at high concentrations, 

particularly for ions that are generally accepted as being highly solvated 

in solution; this phenomenon will be explained later. At very low 

concentrations a slight curvature is observed and the linear portion 
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does not pass through the origin. This can be e:Y.';)lained by the fact 

that small amounts of MHS04 suppress the autoprotolysis of the sulphuric 
+ 

acid and thus remove H3so4 from the solution. The sulphuric acidium 

ion,as a result of its positive charg~would be expected to rerluce the 

shielding at the protons and so cause the proton resonance to shift to 

lower field. 
+ Therefore removal of H

3
so4 has the effect of producing 

a shift to high field which counteracts the low field shift due to the 

addition of MHS04• 

than expected. 

The net effect is a smaller shift to low field 

36 
It has been concluded that the effect of a cation on the 

proton resonance is largely a result of its structure-breaking effect 

on the solvent. Thus the greater the extent of salvation the greater 

will be the number of hydrogen bonds broken and the more the resonance 

will shift to higher fields. For the alkali metal cations except for 

Li+ the order of the proton resonance shift to high field, coml:)ared to 

Cs+, is in the order expected from their known salvation numbers in 
ll7 

sulphuric acid 

than expected. 

• The lithium ion gives a smaller shift to high 
ll8 

It has been suggested by Gurney that in aqueous 

solution cations smaller than potassium are net structure forming, 

uhile potassium and larger ions tend to be structure breaking. If 

this is so in sulphuric acid then the smaller shift to high field than 

expected for Li+ is accounted for; the ordering producing a low field 

shift. The fact that Na+ gives a shift consistent with its solvation 

number indicates that in sulphuric acid Na+ is net structure breaking 

in contrast to its behaviour in aqueous solution. The deviation from 

linearity which occurs at p = O.OB for Li+ must arise from the fact 
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that at high concentrations there is competition for the limited number 

of solvent molecules and hence the average solvation number of a Li+ ion 

decreases giving a corresponding shift to high field. 

In the case of the alkaline earths the same effects are observed. 

The smaller the cation the greater the solvation, with the result that 

more structure breaking occurs and the resonance is shifted to higher 

field. It is found that the relative shift to hieher field is in the 

++ ++ ++ order Ca > Sr > Ba • Deviations from a straight line are also 

noted in these cases presumably for the same reason as the Li+ case. 

The increased shift to lower field of these ions over those of the 

alkali metals is to be expected in view of the large low field attributed 
36 

to the HS'\ ion since at a given concentra.tion of cation there is twice 

the concentration of HSOh for an alkaline earth hydrogen sulphate than 

for an alkali metal hydrogen sulphate. In addition it has been 

suggested that the dipositive ions will give rise to a larger polaris-
36 

aticn effect which would shift the resonance to lower fields • 

+ and Tl • 

Other simple univalent hydrogen sulphates studied were NH4, Ag+, 

The ammoniwn ion gives a shift to low field which is of the 

same order as that produced by K+ in agreement with the degree of 
117 

solvation of these ions • The resonance of the protons of the 

ammonium ion are found to shift very slightly to low field as the con-
36 

centration of the ion is increased. It has been suggested that this 

is due to an increase in the strength of the hydrogen bonds between the 

~mmonium ion and the solvent due to the increasing basicity of the 

solvent. However this increase in hydrogen-bond strength must be 

very small as the shift is only 0.033 p.p.m. for an increase in £ 



202 

from 0.0091 to o.1317. Both Ag+ and Tl+ give bigg~r low field shifts 

than expected from their cationic radii. This would seem to suggest 

that these ions are similar to Li+ in that they are so solvated that 

they actually are structure forming thus producing a low field shift, 
+ which is not very likely for Tl since it has been shown to be very 

117 
little solvated in sulphuric acid , or that there is ion-pair 

formation which would withdraw electron density from the hydrogens 
110 

and give a low field shift. Thallous salts are generally recognised 
116 

as being associated in aqueous solution and Gutowsky and McGarvey 

have used the nomoro of Tl203 to study the nature of the ion pairs 

f orrned in solution. Silver ions may behave in the same way. 

The ions <c13)2COH+, (C6Jis)2COH+, (C2Ifs>4N+ and (C6tts>4As+ 

were studied in order to investigate the chemical shi~ produced by 

very large ions. The shift produced by these cations is greater than 

that produced by any of the alkali metals except Cs+. However it has 

been shown (Chapter V) that the •OJf." resonances of the conjugate acids 

of acetone and benzophenone occu:r· at lower field than that due to the 

HS03F or ~s°4, and since these conjugate acids are exchanging rapidly 

with the solvent then part of the low field shift produced by 

+ 
dissolving these bases in ~S°4 is the result of exchange between =OH 

and the acid. It is seen (Fig. 50) that at a given proton fraction 

the shift produced by the conjugate acid of acetone is greater than 

that produced by the conjugate acid of benzophenone& this is in 

+ agreement with the positions of the =-OH resonances of the two ions, 

=OH+ for acetone being at lower field by ,-v 1.5 p.p.m. than that for 
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benzophenone. The tetraethylammcnium and tetraphenylarsc:rdum i.ons 

both give extremely large low field shifts. Since the larger ion, 

tetraphenylarsonium ion, gives a smaller low field shift than the smaller 

tetraethylammonium ion, it must be concluded that this ion is acting 

as a structure breaker thus causing a shift to high field compared to 

tetraethyla.mmonium ion: presumably the arsonium ion does not fit too 

well into the structure of the solution. It should be pointed out 

that no susceptibility corrections have bee'.1 applied in the case of 

the arsonium ion solutions but these are not expected to be very 

different to those applied to the other solutions and hence would 

not be large enough to affect the above explanation. One must then 

assume that the tetraethyla.mmonium ion is neither net structure 

forming nor structure breaking and so does not affect the chemical 

shift due to the solvent protons: no appreciable shift is observed 

for the proton resonance of the ethyl groups of this ion with increase 

in concentration so that this assumption is perhaps not unreasonable. 

The whole of the shift to low field must then be attributed tc the 

added hydrogen sulphate ion. If this is so then the chemical shift. 

of the hydrogen sulphate ion can be calculated from (8.1). 

+ p( 6 HSOh - 0 ~SC\ ) (8.1) 

Since all the chell'lical shifts are measured r·elative to 100% H2so4 

0 HSoi; is found to be -l0.54 p.p.m. This negative value is rather 

unexpected as one would expect the resonance due to HSOi; to be at 

higher field than H~SO• s:1nce the single proton in hydrogen sulphate 

ion would be expected to have more electron density around it than 



the protons in ~S%• The large low field shift found must be the 

result of strong hydrogen-bond formation with the solvent • 
.36 

If the value obtained by Gillespie and White for c5 ~804 
from water is added to the above value for c5 HS<\ the chemical shift 

of the hydrogensulphate ion from water is found to be -16.44 p.p.m. 

By using this value and the value for ~ H HSO. of -7 .4 found by 
36 3°• -r~ 

Gillespie and White a value for cS'H o+ can be calculated using (8.2). 
3 

+ 

4 
.3 6 Ho+ 

3 
4 

(8.2) 

The value found is -4.39 p.p.m. from an external water reference, or 

+l.51 p.p.m. from external H2so4• From an external T.M.S. reference 
i 

t.he chemical shift would be -9.59 p.p.m. ( cS~0 -5.2 ) which is in 

quite good agreement with the value for OH o+ postulated in Chapter 
3 

v (-10.,5). 
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TABLE LIV 

PROTON CHEHICAL SHIFTS FOR SOLUTIONS OF MHS04 IN ~S°4 

Hydrogen Bulle suscept. Chemical shifts (p.p.m.) 
sulphate p corrn. (p. p.m.) measured corrected 

- 6 "28°4 - 0"2s°4 

LiHS<\ 0.0159 o.006 0.07h o.o68 

0.0348 0.012 0.189 0.177 

0.0434 0.015 0.197 0.182 

0.0629 0.022 0.300 0.278 

o.o664 0.024 0.321 0.297 

0.1006 0.036 o.438 0.402 

0.1254 0.045 0.507 0.462 

0.1532 0.057 o.573 0.516 

NaHS<\ 0.0094 0.005 0.010 o.oos 

0.0198 o.on 0.030* 0.019 

0.0407 0.023 o.145 0.122 

o.0645 0.037 0.230* 0.193 

0.0951 0.054 0.360* 0.306 

O.ll25 o.065 o.44~f- 0.375 

KHS°4 0.0045 0.003 0.012 0.009 

0.0260 0.021 0.090-l~ 0.069 

0.0278 0.023 0.137 o.114 

0.0536 o.o4L. 0.268 0.22h 

0.0598 0.049 0.270* 0.221 
36 

·::f- Data of Gillespie and White 
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TABIE LIV (Contd.) 

Hydrogen Bulk suscept. Chemical shifts (p.p.m.) 
sulphate p corrn. (p.p.m.) measured corrected 

-o~sau - d~so4 

KHS04 0.0899 0.074 o.4l.t9 0.375 

0.0907 0.075 o.h60* 0.385 

O.lh05 0.117 0.720* 0.603 

RbHS°ti 0.0091 0.009 0.021 0.012 

0.0129 0.017 0.058 o.ohl 

0.0261 0.036 0.119 0.083 

0.0610 0.087 0.338 0.251 

o.ll68 0.165 0.103 o.538 

CsHS04 0.0080 0.010 0.030 0.020 

0.0313 0.052 0.206 0.154 
o.0645 0.111 0.429 0.318 

0.1069 0.190 0.745 o.555 
AgHS04 0.0047 0.002 0.041 0.039 

0.0131 0.02.3 0.093 0.070 

0.0166 0.032 0.103 0.071 

0.0172 0.033 0.109 0.076 

0.0190 0.038 0.125 0.087 

0.0208 0.042 0.182 0.140 

0.0229 0.047 0.159 O.ll2 

0.0290 o.o62 0.2lh 0.152 

0.0314 0.069 0.224 0.155 

0.0522 0.118 O.J51 0.233 
36 

1~ Data of Gillespie and White 
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TABIE LIV (Contd.) 

Hydrogen Bulk suacept. Chemical shifts (p.p.m.) 
sulphate p corrn. (p. P• m. ) measured corrected 

- c5 H
2
so4 

-6H
2
so

4 

TlHS<\ 0.0083 o.on 0.09* 0.079 

0.0325 0.06.5 0.26* 0.195 

0.0444 0.090 0.39* 0.300 

0.0775 0.159 0.62-~ o.h61 

Hydrogen Bulk suscept. Chemica1 shifts (p.p.m.) 
sulphate p corrn.(p.p.m.) measured corrected 

-o~s°4 6mt-6~s°4 6NH4 

N!\HS°4 0.0091 -0.002 0.025 4.845 0.027 4.8h3 

0.0209 0.005 0.07* o.06: 

0.0211 o.005 0.088 4.792 0.083 4.797 

0.0573 0.025 0.26"" 4.82• 0.23~ 4.845 

o.065'5 0.030 0.30* 4.81• 0.270 4.840 

0.0760 0.036 0.36* 4.8o• 0.321.i u.836 

0.1317 0.065 o.67~" 4.72• 0.60.5 4.78.5 

6c2% 6c2tts 
(C2H.5 )4N HSOh 0.0065 -0.001 0.035 9 • .515 0.036 9.514 

0.0108 -0.002 0.078 9.532 0.080 9.530 

0.0112 -0.003 0.156 9.514 0.159 9 • .511 

0.0257 -0.004 0.258 9.522 0.262 9.518 

0.0293 -0.004 0.305 9.515 0.309 9.51J. 
36 

* Data of Gillespie ai1d mute 
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TABLE~ (Cont1.) 

Hydrogen Bulk suscept. Chemical shifts (p.p.m.) 
sulphate p corrn. (p. p.m. ) measured corrected 

-dl~S\ dc6a, -d~s<\ 

(C6H5 )4AsHS04 0.0026 -0.008 3.090 
0.0067 0.002 3.123 

0.0083 0.010 J.152 
0.0124 0.060 3.ll2 

0.0224 0.122 3.147 
0.0352 0.202 ,3.196 

OCH3 d CH3 
(c113) 

2
coH.HS°4 0.0113 -0.010 0.042 .... 7"'1 I• ... L 0.053 1.122 

0.0169 -0.011 0.061 7.723 0.012 7.712 
0.0362 -0.019 0.1.71 7.785 0.190 7.766 
0.0547 -0.027 0.279 1.15e 0.306 7.731 

0.1246 -0.055 0~676 7.·774 0.731 7.719 

oc6~ ~C6IIs 
(C6tts)2COH.HS°4 o.on.5 -0.013 0.010 0.023 

0.0219 -0.020 0.0.52 2.576 0.072 2.556 
0.0269 -0.023 o.064 2.571 0.087 2.5h8 

0.0587 -o.oh4 0.186 2.516 0.230 2.h72 

0.0703 -0.052 0.252 2.46L. 0.30h 2.u12 

0.0711 -0.0,52 0.254 2.4h6 0.306 2.394 

0.1174 -0.083 o.447 2.333 o.530 2.250 

o.1434 -0.101 o.543 2.301 o.644 2.200 

36 

* Data of Gillespie and White 
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Hydrogen Bulk suscept. Chemical shifts (p.p.m.) 
~ulpha"te p co-r·rn. (p .. p.m.) measured corrected 

-&~s<\ -<S~so 
h 

B9.(HSOL)2 0.0290 0.046 0.191 0.14.5 

0.0323 0.051 0.204 0.153 

0.0386 0.061 0.25* 0.189 

0.043h 0.070 0.287 0.217 

0.0509 0.083 0.39* 0.307 

0.0521 0.085 0.316 0.231 

0.0714 0.119 0.413 0.294 

36 
* Data of Gillespie and White 
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TABLE LV 

RATIO OF 6 /p FOR SOLllTIONS OF MHS04 IN ~S°4 

l-'lHSOh - OHl Cationic radii 
p 

LiHS04 4.36 0.60 

NaHS04 3.52 0.95 

KiiS04 4.34 1.33 

R1JHS04 4.64 1.48 

CsHS04 5.36 1.69 

NH1 1 II.'30J ,. i 4.h6 1.48 

AgIISo
4 s.2s 1.26 

TlHS04 6.12 1.49 

( C 2Hs )4 NHS04 ll.71 4.00 

Ca(HS04)2 5.17 0.99 

Sr(HS04)2 5.45 1.13 

Ba(HS04)2 5.72 1.3.5 
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Solutions of metal fluorosulphates in 100% fluorosulphuric 

acid produce large low field shifts in the proton resonance of the 

solvent as has been found for metal sulphates in sulphuric acid. 

This large low-field shift is presumably the result of a large low­

field shift due to the so3F- which increases the hydrogen bonding in 

the solution a.nd so decreases the shielding of the protons. Each 

cation then produces its own effect which changes the shift produced 

by so3F- to give the observed shift. The chemical shifts, measured 

from an e:x:ternAl reference of 100% HS03F, are given in Table LVI ann 

are platted against mole fraction (x) in Figs 52 and 53. It can be 

seen t.hat the shifts produced are much larger than those obtained in 
36 

the sulphuric acid system. This has been explained on the basis 

that the intrinsic shift of HS04 must be to higher field than H2soh 

and this counteracts the shift to low field produced by interaction 

with the solvent; whereas the fluorosulphate ion has no proton shift 

and so the full effect of the increased hydrogen bonding due to the 

so
3
F ion is obtained. 

As with the sulphates each cation produces its own effect on 

the proton resonance depending upon its solvating power. Thus it 

is found that, as before, ions which are the most solvRted produce 

the largest shifts to high field and the order found is Li+> Na+.> 

K+ > Rb+ > Cs+ in agreement with the relative degrees of solvation 
72 

found for these ions in fluorosulphuric acid • The alkaline earth 

cations likewise produce shifts which are in the orc:ier expE>ct.ed :f'nr 
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their degree of solvation i.e. ca++;:> Sr++;> Ba++ and as with the 

corresponding sulphates the alkaline earths produce greater chemical 

shifts. As all the data necessary for the calculation of the 

susceptibility corrections was not available the results plotted in 

Figs. 52 and 53 are uncorrected values. The slopes of these plots 

are given in Table LVII. However where these corrections have been 

calculated (Table LVI) they are found to be smaller than those for 

the corresponding sulphates and as the shifts are larger in the 

HS03F system the interpretation of the results would not be appreciably 

affected by the application of the correction. As in the sulphuric 

acid system Tl+ gives a bigger shift to low field than expected for 

its size which can again be explained by postulating ion-pair 

f orr;1ation. 

It is found that the Fl9 chemical shift of HS03F is also 

affected by the addition of metal fluorosulphate and like the proton 

shift is dependent upon the cation. The pJ.9 chemical shifts were 

measured with respect to external HSo
3
F and are given in Table LVI 

and Figs. 54 and 55. 

Since the pJ.9 chemical shifts are generally an order of 

magnitude greater than the proton shifts, they are more sensitive to 

the solvation and hydrogen-bonding effects occurring in these 

solutions, and marked differences between the different cations are 

noted. All of the shifts can be accounted for by the explanations 

already given for the proton shifts. One would expect the fluorine 

nucleus to be more shielded in the so3F- ion than in HSo
3
F, but 
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hydrogen bonding will have the effect of moving it to lower field. 

However this does not completely overcome the intrinsic high field 

shift of the so
3
F- ion as all the chemical shifts but one are to high 

field. It is still found that the most solvated ions produce the 

greatest shift to high field due to the breaking of hydrogen bonds, 

and the dipositive ions produce the largest shifts. Since no larger 

ions have been studied, it is not possible to know whether the F19 

shift is due solely to the so3F- ion in the case of Csso3F solutions. 

Until some larger ions have been examined in Hso3F no value can 

therefore be obtained for the chemical shift of so
3
F-. 

Thallous fluorosulphate is the only salt which gives a Fl9 

shift to low field. This is explained if ion-pair formation occurs 

since this would produce a large low field shift which in this case 

must completely counteract the intrinsic high fieln shift of the 

fluorosulphate ion. 
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TABLE LVI 

!?- AND pl9 CHEMICAL SHH'TS FOR SOLUTIONS OF MS03F IN HS03F 

MS03F x Chemical shifts (p.p.m.) Suscept. corn. 

- dH1 dF19 (p.p.m.) 

LiSo
3
F 0.0188 0.225 0.099 

0.0357 0.410 0.227 

0.0789 0.830 0.528 

0.1428 1.583 1.067 

NaSOJF 0.0286 0.320 0.112 

o.o5B6 0.670 0.395 

0.0987 1.143 o.671 

KS03F 0.0126 0.155 o.066 -0.001 

0.0445 0.515 0.227 -o.oo.s 

o.0674 0.787 0.385 -0.007 

0.0191.i 0.913 0.431 -0.008 

0.0955 1.099 o.515 -0.010 

RbSOJF 0.0089 0.123 -0.003 

0.0160 0.208 0.126 -0.005 

0.0283 0.332 0.124 -0.009 

0.0320 0.355 o.146 -0.011 

0.0449 o.518 0.176 -0.015 

0.0803 0.925 0.335 -0.027 

Csso3F 0.011.s 0.135 

0.0157 0.198 

0.0268 0.327 0.057 
O.Oh28 0.515 0.092 

o.0697 0.822 0.155 
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TADIB LVI (Contd.) 

l1S03F x Chemical shift (p.p.m.) Suscept. corn. 

- OHl 0NH4 6F19 (p.p.m.) 

NH4S03F 0.0205 0.220 4.62h 0.002 

0.0772 o.845 4.605 0.318 0.008 

0.0912 0.997 0.369 0.010 

0.1364 1.487 o.537 O.OJ.4 

TlS03F 0.0209 0.250 -0.057 

0.0266 0.322 -O.o69 

0.0354 0.425 -0.106 

0.0509 0.613 -0.163 

Ca(S03F)2 0.0125 0.262 0.110 

0.0173 0.383 0.177 

0.0236 0.501 0.249 

0.0337 o.685 0.367 

0.0377 o.689 0.367 

Sr(S03F)2 0.0060 o.148 0.062 

0.0198 0.468 0.208 

0.0348 0.768 0.360 

o.064.5 1.345 o.665 

Ba(S03F)2 o.oo(.:-, 0.232 

0.0161 0.394 0.082 

0.0263 0.625 0.207 

0.0268 0.639 0.202 

0.0414 0.957 0.349 



LiS03F 

Naso3F 

KS03F 

RbS03F 

CsS03F 

NH4so3F 

TlS03F 

Ca(so3F)2 

Sr(S03F)2 

Ba(S03F)2 
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TABLE LVII 

RATIO OF 6/x FOR SOLUTIONS OF MS03F IN HS03F 

x 

10.43 

11.4 

11 • .5 

11 • .5 

ll.8 

10.9 

12.02 

21.2 

21.7 

24.0 

x 

6.7 

6.8 

5.4 

h.17 

2.23 

3.93 

-2.99 

10.12 

10.3 

10.35 

Cationic radii 
Ao 

o.60 

o.95 

1.33 

1.48 

1.69 

1.48 

1.49 

0.99 

1.13 

1.35 
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00 curves di~placed O.l p.p.m • 
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